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NITROGEN ECONOMY IN THE SOIL AS INFLUENCED BY 
VARIOUS CROPS GROWN UNDER CONTROL 
CONDITIONS 


R. C. WRIGHT 


Soil Bacteriological Investigations, Bureau of Plant Industry, United States Department of 
Agriculture 


Received for publication July 14, 1920 


During recent years and especially under present conditions, the high price 
of fertilizer constituents has necessitated in some cases other means of main- 
taining the fertility of the soil than by applying the customary amounts of 
commercial fertilizer. The constituent that this paper has to deal with, viz., 
nitrogen, has become quite expensive; consequently more and more attention 
is devoted to efforts to maintain the nitrogen supply in the soil through 
various cultural practices. 

One practice, which is a very ancient one, is the growing of various legumi- 
nous crops as green manure to be plowed under. That leguminous crops when 
plowed under always add nitrogen to the soil in excess of that removed by the 
crop in its growth has apparently seldom been questioned. Likewise, it 
apparently has generally been taken for granted that a non-leguminous green 
manure, when turned under, always returns to the soil all the nitrogen that has 
been removed during its growth. 

It is obviously difficult to measure by chemical analysis any slight change 
in the nitrogen content of a field soil following any treatment due to many 
uncontrollable factors. The customary method of measuring the effect of a 
treatment is by comparison in the following crop. In this case evidence does 
not always show that a leguminous green-manure crop turned under gives a 
measurable advantage over a non-leguminous green manure, as A. J. Pieters 
has pointed out in the general summary of his review of American Experiment 
Station Literature on Green Manures (4). It is further claimed by some 
that the legume, even when harvested and removed from the soil, leaves as 
much nitrogen in the roots left behind as was present in the original soil. 
In other words, it is their claim that the legume in its growth takes from the 
air, through symbiotic fixation by the legume bacteria, as much nitrogen as 
is found in that part of the plant above the ground; and that, therefore, when 
the plant has been harvested the soil has not been robbed but the nitrogen 
equilibrium has been maintained. On the contrary C. O. Swanson (7) reports 
that in a number of alfalfa fields under investigation in Kansas which have 
been cropped continuously for 20 to 30 years, in no field is the nitrogen content 
equal to that in near-by native sod, except in a few instances in the semi- 
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arid portion of the state where it is greater. That there are constantly occur- 
ring losses of nitrogen in cultivated soil over and above that removed by crops 
has been brought out by Russell in his monograph “Soil Conditions and Plant 
Growth” (5). At Rothamsted a small plot of land was isolated in 1870 and 
thereafter kept free from vegetation by hoeing, disturbing the soil as little 
as possible. This plot was afterward converted into a lysimeter by surround- 
ing it with a cement wall and underdraining. The drainage water was ana- 
lyzed daily. During the last twenty years of the experiment, all analyses 
were made by the same analyst. He found that the soil lost from 1870 to 
1905 nitrogen equivalent to 1050 pounds per acre. He further points out 
that all but 110 pounds of this was recovered as nitrate in the drainage water. 
The remaining 110 pounds was probably dissipated as free nitrogen or ammo- 
nia. Shutt (6) reports a loss of nitrogen in a Saskatchewan Prairie soil after 
22 years of cultivation amounting to 2190 pounds per acre. Of this, 700 
pounds were recovered in the crop, thus leaving a dead loss of 1490 pounds. 
Since there is practically no drainage water, probably little of this loss was 
due to leaching. Lipman and Blair (2) and Mooers (3) in their cylinder ex- 
periments both report a gradual decrease in nitrogen both under crops and 
under fallow. Some of this may be due to leaching, but viewed in the light 
of the experiment at Rothamsted already mentioned and the work reported 
upon in this paper, it is safe to conclude that in cropped, cultivated, or other- 
wise disturbed soil there is certain loss of nitrogen through volatilization. 
Cultivation is probably responsible for the loss of considerable of the soils’ 
store of nitrogen. The fact can hardly be disputed that the excessive aeration 
incidental to cultivation causes the oxidation of much organic matter and the 
consequent liberation of much nitrogen probably in its elemental form. This 
condition is quite evident in old orchards that have been subjected for a num- 
ber of years to clean cultivation. The soil gradually becomes ‘“lifeless”’ 
through loss of organic matter which must be supplied along with some form 
of nitrogen in increasing amounts to maintain the original vigor of the trees. 
Results published by the author (8) show a steady loss in total nitrogen in a 
number of instances where soils were kept in the laboratory at optimum mois- 
ture content and thoroughly stirred and sampled periodically. 


PLAN OF WORK 


A series of pot experiments were started by the author at Arlington Farm of 
the United States Department of Agriculture in 1914. The object in view 
was to make a comparative study of the amount of nitrogen removed from the 
soil by representative leguminous and non-leguminous crops grown under 
control conditions, and of the amount of nitrogen recovered in these crops 
themselves. In brief, the procedure was as follows. The crops were grown 
in heavy galvanized buckets 15 inches in diameter by 13 inches deep. These 
buckets hold from 100 to 120 pounds, ‘depending on the character of the soil. 
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All were housed in a cage built of 1-inch iron pipe covered with wire netting. 
The buckets were watered to weight daily with distilled water. Detailed 
description of the construction of the cage and the handling of the containers 
is given in a paper by the author (9) in the Journal of the American Society 
of Agronomy. 

The soil used was first stirred thoroughly by being screened and then shov- 
eled over several times on a cement mixing-floor. Equal quantities were then 
weighed out into the containers. A sample of this soil was immediately dried 
out and retained as a dry check. Fallow checks were kept and treated the 
same throughout as planted soils. On reaching maturity each crop was har- 
vested close to the surface of the soil, dried, weighed, and ground fine for analy- 
sis of total nitrogen. The roots were then screened out of the soil and after 
being dried and ground were returned and thoroughly mixed with the soil in 
each container to allow a uniformly representative sample to be taken for 
nitrogen determination. Samples of soil were then removed and air-dried 
for analysis. The fallow checks were handled and sampled the same as the 
cropped soils. 

All nitrogen results reported constitute the average of two closely agreeing 
determinations on 1-gram samples of crops and 10-gram samples of soil. 
Determinations on crop samples were made by the Gunning method and on 
soil by the Kjeldahl-Gunning-Jodlbauer method. With both methods the 
sulfate mixture was used as recommended by Lipman and Sharp (1, p. 648). 
Nitrates were determined by a modification of the Ulch method. This opera- 
tion may be briefly described as follows. One hundred grams of air-dry 
soil is shaken at frequent intervals for half an hour with 285 cc. of distilled 
water and 15 cc. of aluminum cream. The extract is then filtered off, meas- 
ured and acidulated with 3 cc. of sulfuric acid. About 2 gm. of iron dust is 
then added and reduction allowed to take place over-night in the cold. Ap- 
proximately 8 gm. of heavy magnesium oxide is then added and ammonia 
distilled off in the usual way. Since only a trace of ammonia was ever found 
in the soil this was not expelled from the solutions before reduction was started. 

In 1914 the soil used was a clay which had been composted with manure 
and left in a pile for several years previous. A quantity of this soil was limed 
and portions representing 45 kgm. when brought to the optimum moisture 
condition were weighed into the containers. The crops grown this season 
were spring oats, barley, rye, kafir corn, field corn, pearl millet, sugar beets, 
hairy vetch, field peas, and red clover. All were grown in quadruplicate. 
The number of plants grown per bucket were four of kafir corn, sugar beets, 
and millet; three of corn, and ten of all the rest. 

In table 1 is shown the yield expressed in grams of dry matter of the entire 
crop from each bucket. 

Table 2 and figure 1 show the yield in grams of nitrogen from each crop and 
the grams of nitrogen remaining in the soils after the removal of each crop; 
also the nitrogen found in the fallow check soils and in the dry check which 
represents the nitrogen in the soil at the beginning of the experiment. 
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All were housed in a cage built of 1-inch iron pipe covered with wire netting. 
The buckets were watered to weight daily with distilled water. Detailed 
description of the construction of the cage and the handling of the containers 
is given in a paper by the author (9) in the Journal of the American Society 
of Agronomy. 

The soil used was first stirred thoroughly by being screened and then shov- 
eled over several times on a cement mixing-floor. Equal quantities were then 
weighed out into the containers. A sample of this soil was immediately dried 
out and retained as a dry check. Fallow checks were kept and treated the 
same throughout as planted soils. On reaching maturity each crop was har- 
vested close to the surface of the soil, dried, weighed, and ground fine for analy- 
sis of total nitrogen. The roots were then screened out of the soil and after 
being dried and ground were returned and thoroughly mixed with the soil in 
each container to allow a uniformly representative sample to be taken for 
nitrogen determination. Samples of soil were then removed and air-dried 
for analysis. The fallow checks were handled and sampled the same as the 
cropped soils. 

All nitrogen results reported constitute the average of two closely agreeing 
determinations on 1-gram samples of crops and 10-gram samples of soil. 
Determinations on crop samples were made by the Gunning method and on 
soil by the Kjeldahl-Gunning-Jodlbauer method. With both methods the 
sulfate mixture was used as recommended by Lipman and Sharp (1, p. 648). 
Nitrates were determined by a modification of the Ulch method. This opera- 
tion may be briefly described as follows. One hundred grams of air-dry 
soil is shaken at frequent intervals for half an hour with 285 cc. of distilled 
water and 15 cc. of aluminum cream. The extract is then filtered off, meas- 
ured and acidulated with 3 cc. of sulfuric acid. About 2 gm. of iron dust is 
then added and reduction allowed to take place over-night in the cold. Ap- 
proximately 8 gm. of heavy magnesium oxide is then added and ammonia 
distilled off in the usual way. Since only a trace of ammonia was ever found 
in the soil this was not expelled from the solutions before reduction was started. 

In 1914 the soil used was a clay which had been composted with manure 
and left in a pile for several years previous. A quantity of this soil was limed 
and portions representing 45 kgm. when brought to the optimum moisture 
condition were weighed into the containers. The crops grown this season 
were spring oats, barley, rye, kafir corn, field corn, pearl millet, sugar beets, 
hairy vetch, field peas, and red clover. All were grown in quadruplicate. 
The number of plants grown per bucket were four of kafir corn, sugar beets, 
and millet; three of corn, and ten of all the rest. 

In table 1 is shown the yield expressed in grams of dry matter of the entire 
crop from each bucket. 

Table 2 and figure 1 show the yield in grams of nitrogen from each crop and 
the grams of nitrogen remaining in the soils after the removal of each crop; 
also the nitrogen found in the fallow check soils and in the dry check which 
represents the nitrogen in the soil at the beginning of the experiment. 
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TABLE 1 


CROP 


WEIGHT 


AVERAGE WEIGHT 


Red clover 


SNEED 6c CcWickay siekieskdanaceiee 


ey 


gm. 
320.0 
308.0 
309.0 
297.1 


335.5 
309.3 
299.2 
339.5 


338.9 
330.8 
401.5 
357.0 


147.7 
146.7 
145.9 
142.2 


74.2 
74.0 
69.5 
70.7 


105.5 
127.5 
127.3 
111.4 


gm. 


308.5 


320.9 


357.0 


145.6 


72.4 


118.2 


43.5 


232.5 


94.0 
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TABLE 1—Continued 


WEIGHT 


gm. 
81.2 
98.0 
69.0 
61.9 


329.3 
300.8 
313.7 
337.0 


(EL 


: 50.1 
Field peas 10.0 


59.3 


From a study of the table and figure the following facts are brought out. 
Millet and corn removed practically equal amounts of nitrogen from the soil 
and equal amounts were recovered in the crops; practically as much nitrogen 
being recovered as was originally present in the soil. Kafir corn, which pro- 
duced somewhat more dry matter than either millet or corn, also removed 
more nitrogen from the soil, however in this case not so much was recovered 
in the crop. Slightly more nitrogen was recovered from oats than from kafir 
corn. Practically the same amount of nitrogen was recovered from wheat, 
barley, rye, beets and clover; this amount being less than with the first-named 
crops, and about 1 gm. less than was originally present in the soil. Somewhat 
more was recovered from vetch and field peas than in the preceding group. 
With soybeans more nitrogen was recovered than was originally present. 

1. In none of the soils excepting that growing soybeans was as much nitro- 
gen recovered as was present in the original soil represented by the dry check. 

2. More nitrogen was lost by some crops than by others. 

3. More nitrogen was lost from the fallow soils than from any of the cropped 
soils. In the latter most of the nitrogen removed by the crops was recovered. 

4. Among the legumes only soybean plants contained more nitrogen than 
was drawn from the soil, considerable nitrogen in this case being fixed from 
the atmosphere. 

In table 3 is shown the nitrogen as nitrate found in the soils after harvest. 
These results are presented in parts per million and in grams per bucket. 
On comparing these results with those in table 1 it is evident that in every case 
the nitrate found after harvest is indirectly proportional to the yield of dry 
matter. The largest amount of nitrate was naturally found in the fallow 
check. 
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TABLE 2 


Total nitrogen remaining in the soil and recovered in crops after harvest 


SOIL CROPS 
CROP GROWN = = ppl 
Nitrogen per Average Nitrogen per Average 

bucket nitrogen crop nitrogen 


gm. gm. gm. gm. 


EY CCK. sis 0ss ss 55.14 55.14 


52.84 53.25 
Fallow check 52.84 
52.39 
53.08 
53.12 
52.98 


Pearl millet 


53.12 
52.50 
52.15 
53.94 


$2.15 
51.29 
51.19 
51.53 


50.81 
51.81 
53.46 
52.70 


53.46 
52.15 
52.26 
52.02 


51.54 
53.46 
51.19 
51.19 


54.32 
53.70 
52.46 
52.98 


50.57 
50.33 
51.06 
49 .23 
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TABLE 2—Continued 


SOIL CROPS 
CROP GROWN 3 : oe 
Nitrogen per Average Nitrogen per Average 

bucket nitrogen crop nitrogen 


gm. gm. gm. gm. 

51.06 St... 35 2.26 2.45 
52.74 2.49 
Red clover 50.81 2.55 


50.81 2.50 


52.50 2.26 
, S362 2.71 
Hairy vetch 52.39 1.98 


50.43 Ride 


53.26 
52.64 
Soybeans 52.02 


52.02 


52.15 2.03 
53.22 1.30 
Field peas 54.42 0.30 
51.43 1.66 


Figure 2 presents a combination of results, viz., the nitrate nitrogen found 
in the soil after harvest and that actually used by the crops, assuming that 
the crops obtained their nitrogen as nitrate. Some quite interesting results 
are brought out here. With but possibly one exception there was a distinct 
loss of nitrate nitrogen incidental to cropping compared with that found in 
the fallow check soil. The crops seemed to be divided loosely into groups 
thus, wheat, oats, barley and rye, which produced comparatively light yields 
of dry matter, left comparatively large amounts of nitrate in the soil (in this 
respect wheat and rye left considerably more than oats or barley) and this 
added to that recovered in the crops make a total of recovered nitrate con- 
siderably greater than that from millet, corn and kafir corn. In this latter 
ground the yield of dry matter was roughly four times greater than in the 
former, and the nitrate recovered was the least of any of the other crops. 
Sugar beets might be classed with the preceding group with respect to the 
nitrate left in the soil, but in the total nitrate recovered they compare closely 
with the first group. Clover and vetch, which in yield of dry matter exceeded 
somewhat wheat and did not equal that of oats and barley, left considerably 
less nitrate in the soil than either of these and the total nitrate recovered was 
less than for any other except rye. Field peas compared closely with wheat. 
With soybeans there was a fixation of total nitrogen, so it is uncertain how 
much was obtained from the atmosphere. However, from table 2 and figure 1 
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it is seen that there was 2.63 gm. of nitrogen taken from the soil when com- 
pared with the dry check. This leaves 5.79 gm. of nitrogen which was obtained 
from the atmosphere. In figure 2, if this 5.79 gm. were subtracted from the 
portion of the figure represented in the nitrogen contained in soybeans, we 


V/A TRL «NITROGEN RECOVERED IN CROPS. 
ee TOTHL NITFOGEN FENAINING 12 SOIL BFTER HARVEST. 
é/ cur. 


ree ae 
4 
al y 
Y 
: y) 
y t 
5S) a y 
y 
K Y 
XN 4 
Ss H} y 
N j 
R Yj 
ad y) 
K Z 
& 
8 52 
% 
S 
ct 
sx.) 
50 
v9 
¥8: 


Nw 
s&s es § 
3 8 w 
NN NS 
ia 
Fic. 1. Totat NITROGEN REMAINING IN THE SOIL AND THAT RECOVERED IN THE CROPS 
AFTER HARVEST 


y 
FIELD PLA. 


would have left what might represent that portion of the nitrogen in the crop 
removed from the soil as nitrate together with the nitrate left in the soil, 
both of which would amount to 3.97 gm., which would also, as in the cases of 
the other crops, be less than the nitrate formed in the fallow check. This 
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TABLE 3 


Nitrate nitrogen in the soil after harvesting the crops 
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PARTS PER 


Red clover 


CROP GROWN MILLION AVERAGE GRAMS AVERAGE 
f 148.00 146.0 5.09 5.02 
i MANOWCNOURS soca. nca eds cieees 144.00 4.95 
27.00 24.5 0.93 0.84 
_ 22.00 0.76 
| 1 a a ae ae Se 26.00 0.89 
‘ 23.00 0.79 
: 26.00 26.5 0.89 0.91 
‘ 6 31.00 1.07 
FA Pani per et ne ee a ee 27.00 0.93 
3 22.00 0.76 
a 16.00 19.00 0.56 0.65 
% 22.00 0.76 
4 POMONA ois vu cieriwiewan sue 19.00 0.65 
4 19.00 0.65 
q 42.00 60.00 1.44 2.07 
68.00 2.34 
PORN isi odawicie sak Gon sdlews 59.00 2.03 
72.00 2.48 
95.00 97.00 3.26 3.33 
94.00 3.23 
MIR an ocioe obi oyeeee wets 102.00 3.50 
97.00 3.34 
75.00 64.5 2.57 2.21 
seit 62.00 2.13 
esac Geniuses aueeteen ees 53.00 1.82 
68.00 2.34 
92.00 94.00 3.16 3.22 
-— 97.00 3.34 
OR SIE CHEN IE 87.00 2.99 
99.00 3.40 
32.00 31.00 1.10 1.07 
26.00 0.90 ° 
SAT DOPE os 595s, 60's stro iein) nse siee 31.00 1.07 
35.00 1.20 
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TABLE 3—Continued 


CROP GROWN ey AVERAGE GRAMS AVERAGE 

50.00 53.00 Lov2 1.81 
52.00 1.79 
EMS re tet wsncesetotasucecee 54.00 1.86 
55.00 1.89 

44.00 39.50 1.51 1.35 

37.00 P 

DRE 2. ins eae er eakneee 37.00 1.27 
40.00 1.37 

86.00 97.0 2.96 3.34 
; 89.00 3.06 
oS Se ees Otarry e 134.00 4 60 
80.00 BY bo 


discrepancy in the amount of nitrate formed in the cropped soils plus that 
removed by the crop can possibly be explained by one of two suppositions: 
either nitrification is inhibited by the growth of the crop or nitrification pro- 
ceeds as rapidly as in the fallow check but some nitrogen is wasted incidental 
to crop growth. The latter supposition seems to be borne out by table 2 
and figure 1, which show a distinct loss of total nitrogen from the soil due to 
crop growth in every instance except where soybeans were grown. In that 
case there is no means of knowing if some loss of nitrogen did occur, with 
nitrogen fixation. Since the fallow check lost considerable total nitrogen, as 
shown in table 2 and figure 1, possibly more nitrate was formed here than is 
shown in table 3 and figure 2; in which case the deficit in nitrate recovered from 
the cropped soils would be greater than is shown. 

In table 4 is shown the comparative rate of nitrification in the various soils 
expressed as the gain in nitrate produced during two weeks’ incubation at 
28°C. of 100 gm. of soil with 0.2 per cent peptone. These results show some 
evidence of nitrification having been affected by the residual influence of crops. 
Nitrification following corn, wheat, beets, soybeans and field peas shows evi- 
dence of inhibition, while that following barley and vetch is evidence of stim- 
ulation. Following the rest of the crops, millet, kafir corn, oats, rye and clover, 
the residual influence apparently is neutral. 

In 1915 the same general plan was followed except that the experiment 
was carried in triplicate in three parallel series on as many different types of 
soils. First, a virgin soil was selected from near Riverside, California. It is 
a coarse, gravelly loam. The second soil was selected from near Manhattan, 
Kansas. This is a heavy, black silt loam. The third soil was a clay loam 
from the Government Arlington Experiment Farm. Chemical analyses of 
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TABLE 4 


Nitrate nitrogen produced during two weeks’ incubation of peptone in soil after harvest 


CROP GROWN INCREASE 


AVERAGE INCREASE 


p-p.m. 
185.00 
202 .00 


183.00 
206 .00 
205 .00 
187.00 
178.00 
166.00 


182 .00 
187.00 


164.00 
203 .00 
205 .00 
194.00 


193 .00 
s 226.00 
ee er ee oe eS pe ree eee 178.00 


174.00 
189 .00 
162 .00 
197.00 


209 .00 
229.00 
229.00 
214.00 


225.00 
178.00 
175.00 
189.00 


175.00 
176.00 
185.00 
208 .00 


PRED, aS oS orinieen s Sand wield Walnnlss Ounintsuaeues 


.214.00 
189 .00 
181.00 
206 .00 


Oe es pres ae SO. ey. 5 Spee RTE. 


b.p.m. 
195.00 


178.00 


191.50 


181.5 


220.00 


191.50 


186.00 


197.50 
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TABLE 4—Continued 


CROP GROWN 


INCREASE 


AVERAGE INCREASE 


Soybeans 


Field peas 


p-p-m. 

208 .00 
188 .00 
200.00 
211.00 


190.00 
191.00 
162.00 
162.00 


202.00 
153.00 
145.00 
202.00 


p-p.m. 
201.00 


these soils made by the Bureau of Soils of the United States Department of 
Agriculture are given as follows: 


K,0 


CaO 


MgO 


P2Os 


per cent 
1.91 
2.18 
13/2 


per cent 
3.13 
iis 
1.98 


per cent 
1.45 
0.86 
0.72 


per cent 
0.21 
0.16 
0.19 


Since the Kansas and Virginia soils tested acid to litmus they were limed to 


give a neutral reaction previous to weighing into buckets. The crops grown 
during this year were oats, barley, kafir corn, crimson clover, soybeans, purple 
vetch and cowpeas. No attempt will be made to draw any comparisons 
between these three soils from the standpoint of determining their relative 
fertility or productiveness, this not being the purpose of the experiment. 

The crop yields in grams of dry matter are shown in table 5. In tables 6, 
7 and 8 are shown in grams the nitrogen per bucket recovered in the soils 
after removal of the crops and that recovered in the crops; also the nitrogen 
in the original soil and that in the samples kept fallow. 

In the California soil, as in results already described, considerable nitrogen 
was lost from the fallow soil. From soil growing oats, kafir corn and vetch, 
not as much nitrogen was recovered from both soil and crops as was found in 
the fallow check. Slightly more nitrogen was recovered from barley and clover 
soils than from the fallow check. The soils under soybeans and cowpeas 
contained more nitrogen after harvesting the crops than any of the other 
soils, but somewhat less than the dry check, while the nitrogen found in the 
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plants was considerably more than was accounted for in that removed from 
the soil, indicating active fixation. ° 

In the Kansas soil also nitrogen was lost from the fallow. Oats and clover 
did not remove as much nitrogen from the soil as the fallow. Not as much 
nitrogen was recovered in the soil and plants in the case of barley and kafir 
corn as was found in the fallow. Vetch fixed some nitrogen and there was 
slightly more nitrogen found in the soil than in the dry check, but the amount 


TABLE 5 


Dry weights of crops harvested : 
| CALIFORNIA SOIL KANSAS SOIL VIRGINIA SOIL : 
CROP GROWN # 
Dry matter} Average | Dry matter} Average | Dry matter} Average : 
gm. gm. gm. gm. gm. gm. 
36.0 36.5 38.0 30.2 13.5 12.7 
Re es: 37.0 14.5 14.5 
36.5 38.0 10.0 
35.5 29.5 16.5 26.0 11.5 10.8 
a Ae eae 25.5 32.0 10.0 
21.5 29.5 11.0 
63.0 65.7 102.0 99.0 121.0 117.7 
rer 74.0 128.0 112.0 i 
60.0 67.0 120.0 Pi 


22.5 23.0 17.0 


31.5 29.3 35.0 22 11.0 12.7 
20.5 23.5 10.0 


132.0 127.3 71.0 59.8 61.0 63.7 
a eee 132.0 45.0 59.0 

118.0 63.5 71.0 

19.0 13.8 i 12 > Te va 
WSs a 288 S saws Beek 12.0 6.5 8.5 

10.5 75 2.0 


121.0 
erp 160.0 83.5 
111.0 


was easily within the range of analytical error. There was some fixation of 
nitrogen with cowpeas and practically as much nitrogen was found in the soil 
as in the fallow soil. 

In the Virginia soil there was again considerable loss of nitrogen from the 
fallow. More nitrogen was recovered from oats and soil than from the fallow. 
Under barley, clover and vetch more nitrogen was recovered in the soil than 
in the fallow; but the total in the soil and the plants did not equal that in 
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the dry check. Not as much nitrogen was recovered from kafir corn and soil 
as was found in the fallow. Soybeans removed a little more nitrogen than 
the fallow but no total fixation was indicated. Cowpeas did not remove as 
much nitrogen as the fallow and considerable total fixation was shown from 
soil and crop over that present in the dry check. 


TABLE 6 
Total nitrogen remaining in the soil and recovered in crops after harvest 
(California soil) 


SOIL CROPS 
CROPS CROWN o—— a 
Nitrogen Average Nitrogen Average 
gm. gm. gm. gm. gm. 
DEV CROCK secsceeas 18.3 18.3 18.30 
Fallow check....... 16.3 16.3 16.30 
15.3 15.3 0.35 0.34 15.64 
NPR B een sece case 15:3 0.34 
0.33 
16.5 16.4 0.33 0.29 16.69 
PARTI os cic aan 15.3 0.26 
17.4 0.29 
15.8 15.4 0.36 0.38 15.78 
RAGS COM. 00508 13.3 0.43 
15.0 0.36 
15.8 16.3 0.80 0.58 16.88 
Crimson clover..... 187 0.50 
17-5 0.43 
16.9 17.4 3.66 3.66 21.06 
Soybeans.......... 17.6 3.76 
17.6 3.56 
15.8 15.9 0.52 0.35 16.25 
oo: ee 16.3 0.27 
15:7 0.25 
17.6 17.6 2.81 3.01 20.61 
COWDERS siccicsss 17.6 3.40 
17.6 2.82 


To sum up more briefly: In all three types of soil there was a loss of nitrogen 
under fallow. There was a greater total loss than under fallow in the case 
of oats, kafir corn, and vetch in the California soil; barley and kafir corn in 
the Kansas soil and kafir corn in the Virginia soil. Not as much nitrogen 
was removed from the soil as under fallow in the cases of barley, soybeans 
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and cowpeas in the California soil, oats, clover, vetch and cowpeas in the 
Kansas soil, and oats, barley, clover, vetch and cowpeas in the Virginia soil. 
There was more total nitrogen recovered in the soil and crops than was origi- 
nally present in the cases of soybeans and cowpeas in the California soil, vetch 
and cowpeas in the Kansas soil, and cowpeas in the Virginia soil. 

TABLE 7 


Total nitrogen remaining in the soil and recovered in crops after harvest 


(Kansas soil) 
cnors crown | | “Sa 
| Nitrogen Average Nitrogen Average 
gm. gm. gm. gm. gm. 
to. : ae ) 51.5 51.50 
Fallow check....... 50.4 50.4 50.40 
| 50.8 50.6 0.78 0.55 51.15 
PB oe ochcc neo eek $1.2 0.24 
|} 49.7 0.62 
50.4 49.6 0.36 0.53 50.13 
ee 49.0 0.63 
(| 49.4 0.60 
| 48.5 49.1 1.18 0.94 50.04 
eeemananien: 49.4 1.05 
| 49.5 0.58 
{ 51.0 50.5 0.87 0.70 51.20 
Crimson clover... . .4 50.0 0.70 
{ 50.4 
f 49.0 49.1 1.91 1.67 50.77 
Soybeans..........4 50.0 
| 48.4 7 
(| 52.4 51.7 0.20 0.21 51.91 
bi EEE 31.3 0.19 
51.4 0.23 
(| 51.0 50.5 2.74 2.17 52.67 
Cowpeas.......... , 50.2 1.88 
50.4 | 1.94 
In figure 3 is illustrated, as in figure 2, the nitrate nitrogen recovered in 
the soils after harvest, together with that found in the associated crop, assum- 


ing that the nitrogen found in the crop was removed from the soil as nitrate. 
Here again is shown several instances where either not as much nitrate was 
formed as that found in the fallow checks, or as much or more was formed and 


preci its 
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subsequently lost. In the California soil under oats, barley and kafir corn, 

not as much nitrate was recovered as in the fallow. Under clover and vetch : 
somewhat more nitrate was recovered than was found in the fallow, although 
figure 3 shows a distinct loss in total nitrogen in both these instances. Under 
soybeans and cowpeas there was considerable nitrogen fixation as shown in 


Total nitrogen remaining in soil and recovered in crops after harvest 


TABLE 8 


(Virginia soil) 


265 


cr =o TOTAL NITROGEN 
CROPS GROWN RECOVERED 
Nitrogen Average Nitrogen Average 
gm. gm. gm. gm. gm. 
Dry CROCK. 6 aiscss0:c 48.2 48.2 48 .2 
Fallow check....... 46.3 46.3 46.3 
46.5 46.6 0.34 0.30 46.90 
OR se ase ae 46.3 0.33 
47.0 0.24 
47.8 47.8 0.31 0.31 48.11 
BREW A cites 'Saiwases 45.8 0.29 
49.8 0.34 
45.1 45.0 1.45 17 46.17 
Kast COM 55... 45.4 1232 
44.5 1.04 
46.5 47.2 0.34 0.43 47 .63 
Crimson clover..... 47.8 0.58 
47.2 0.36 
46.3 45.8 174 1.88 47.68 
Soybeans.......... 45.1 1.86 
46.0 2.06 
47.1 47.1 0.07 0.25 47.35 
Purple vetch....... 47.2 0.29 
47.0 0.40 
| 46.3 47.0 4.60 4.90 51.90 
COWDOIS 0.6055 000s 47.1 5.00 
| 47.5 5:10 


figure 3, therefore, it is uncertain how much of this was obtained from the 
soil as nitrate. In the Kansas soil there was a deficit in the amount of nitrate 
recovered as compared with that found in the fallow in every case except that 
of soybeans. In this instance there was also a fixation of nitrogen. In the 
Virginia soil as in the Kansas soil there is again a deficit in the amounts of 
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nitrate recovered in all cases except under cowpeas, where again there was a 
fixation of nitrogen. Table 9, which shows the comparative nitrifying power 
or the gain in nitrogen produced during two weeks’ incubation of ammonium 
sulfate (0.139 per cent) with soil at 28°C., seems to indicate that there is more 
or less crop influence on the formation of nitrate in the soil, thus possibly 
explaining the results shown in figure 4. 

TABLE 9 


Nitrate nitrogen produced during two weeks’ incubation of ammonium sulfate in soil after 
harvest 


CALIFORNIA SOIL KANSAS SOIL VIRGINIA SOIL 
CROP GROWN 


Increase Average Increase Average Increase Average 


p.p.m. p.p.m. -p.m. p.p.m. p.p.m. p.p.m. 
71.4 71.4 : 15.2 261.7 261.7 


ip ea . 25.1 310.0 300.3 
299.0 
297.0 


266.5 
267.3 
281.0 


270.1 
2151 
275.8 


304.0 
292.0 


SOWDEES i c5s0hicce oe seen 


In 1916 a series of experiments were inaugurated in which the California, 
Kansas and Virginia soils were used as before; however, in this series the same 
buckets were cropped for three years and the crops removed without the 
addition of plant-food in any form. Each season after harvest the buckets 
were covered to shed rain, and left undisturbed for the winter. The crops 
grown in each type of soil were as follows: corn, wheat, oats, cotton, soybeans 
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and cowpeas. In addition, the following rotations were grown in each type 
of soil: corn, wheat, oats; corn, oats, wheat; soybeans, wheat, oats; soybeans, 
oats, wheat; and cowpeas, soybeans, cowpeas. 
TABLE 10 
Dry-weight yields of crops in three-year rotation 
(California soil) 


1916 1917 1918 


Dry | | Dry | Dry 
Crop grown weight | Average| Crop grown weight | Average Crop grown weight |Average 
| of crop of crop of crop 


| gm. iS gm. gm. gm. 
(| 90.5 42.0 
{| 98. }| 84. 50.0 
1 Bipot || 72. 45.0 
\| . \ . 47.0 
| 
| 31.0 
| 
} 


és ; 28.0 
Wheat 28.0 


| 
{ 


32.0 


20.0 


Wheat 


Soybeans ¢ | ; Soybeans ( ; Soybeans 


Wheat ; Oats 


Cotton | : | Cotton ’ Cotton | 
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TABLE 10—Continued 


1916 1917 


1918 


Dry Dry 
Crop grown weight | Average| Crop grown weight | Average 
of crop of crop 


Crop grown 


Dry 
weight 
of crop 


Average 


gm. gm. gm. 
289.0 | 348.5 62.5 
335.0 70.0 
434.0 63.5 
336.0 69.5 


Soybeans Oats 


214.0 125.0 
187.0 105.0 
219.0 147.0 


Cowpeas Cowpeas 


122.0 
172.0 
180.0 
158.0 


229.0 
352.0 
197.5 
218.5 


Soybeans 


| 
| 
205.0 ; | 162.0 


Cowpeas 


Cowpeas 


gm. 
20.0 
23.0 
25.0 
27.0 


89.0 
115.0 
87.0 
97.0 


112.0 
90.0 
105.0 
93.0 


gm. 


23.7 
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TABLE 11 


(Kansas soil) 


Dry-weight yields of crops in three-year rotation 


1916 1917 1918 
| Dry Dry Dry 
Crop grown jweight of! Average Crop grown j|weight of} Average Crop grown j|weight of|Average 
crop crop crop 
gm. gm. gm. gm. gm. gm. 
168.0 | 160.0 85.0} 86.4 48.0 | 56.0 
165.0 C 88.0 Cc 52.0 
167.0 sais 89.0 -_ 71.0 
140.0 83.5 53.0 
157.5 | 164.1 | 49.0| 46.0 36.0 | 31.2 
171.5 o 43.0 25.0 
187.0 woe 54.0 om 31.0 
140.5 38.0 33.0 
165.0 | 163.2 50.0} 52.0 12.0 | 20.0 
173.0 52.0 20.0 
161.0 one 46.0 wat 26.0 
154.0 60.0 22.0 
53.0} 56.9 34.0; 39.1 26.0 | 36.0 
55.0 46.0 35.0 
Wheat 67.0 Wheat 48.5 Wheat 28.0 
52.5 28.0 35.0 
85.0 | 89.2 56.0} 56.5 39.0 | 27.7 
83.0 53.0 16.0 
Cmts 100.0 nena 54.0 amas 27.0 
89.0 63.0 37.0 
142.0 | 146.0 28.0} 36.7 32.0 | 37.0 
178.0 46.0 37.0 
Cotton 136.0 Cotton 28.0 Cotton 29.0 
128.0 45.0 50.0 
230.0 | 216.2 67.0} 76.7 35:0 | $3.0 
208 .0 75.0 65.0 
Soybeans 196.0 Soybeans 97.0 Soybeans 65.0 
231.0 68.0 47.0 
230.0 | 216.2 67.0 | 76.7 35.0 | 53.0 
208 .0 75.0 65.0 
196.0 Soybeans 97.0 Soybeans 65.0 
|| 231.0 


PRE RRT e 
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TABLE 11—Continued 


1917 1918 


Dry | Dry 
Crop grown Average Crop grown |weight of; Average Crop grown |weight of|/Average 
crop crop 


gm. gm. gm. gm. gm. gm. 
209.0 37.5 -0 | 24.7 
195.0 36.0 
209.0 39.0 
131.0 47.0 


Soybeans 


285.0 40.0 
224.0 40.0 
147.0 42.0 
191.0 54.0 


Soybeans Wheat 


130.0 73.0 
109.5 Cowpeas 42.0 
138.0 59.0 
126.0 65.0 


Cowpeas 


148 .0 68.0 
192.0 Soybeans 96.0 
142.0 103.0 
189.0 87.0 


Cowpeas Cowpeas 


Tables 10, 11 and 12 show the dry weights of the crops harvested each 
year. As might be expected, the yield each succeeding year rapidly decreased. 

Tables 13, 14 and 15, and figures 4, 5 and 6 show the amounts of total nitro- 
gen remaining in the soil and that recovered in the crops each year. The 
results shown in the figures represent averages. 

In the California soil the results were somewhat different from those found 
in the other soils in that there was a general tendency in some samples toward 
an increase in nitrogen each year, while in others there was a decrease the first 
two years followed by a considerable increase the third year in all samples. 
In the other two types of soils there was a general decrease each year in all 
cases. 

During this period in the California soil the greatest increase occurred where 
the same crops were grown in succession, this increase being greater than either 
under fallow or under rotation. The increase under fallow was less than under 
rotation. Under soybeans and cowpeas the third year there was more nitrogen 
found than was in the soil at the beginning of the experiment, as represented 
by the dry check. Here we have the results of a curious combination of 
phenomena. 

With the exception of the legumes the first two years there was a consider- 
able loss in nitrogen, that is, not as much nitrogen was recovered in the crops 
as was removed from the soil. Under corn the second year the total loss 
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TABLE 12 
Dry-weight yields of crops in three-year rotation 


(Virginia soil) 


1916 1917 1918 


Dry Dry Dry 
Crop grown |weight of| Average| Crop grown |weight of| Average| Crop grown |weight of|Average 
crop crop crop 


gm. gm. gm. gm. gm. gm. 
319.0 85.0 80.0 | 77.0 
296.0 88.0 
325.0 
349.0 


304.0 
347.0 
296.0 
354.0 


361.0 
302.0 
324.5 
385.0 


Cotton 7 Cotton 


Soybeans ‘ Soybeans 


| 
| 
| 
| 
| 
| 
| 
| 


Soybeans | ; Soybeans 
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TABLE 12—Continued 


1916 1917 1918 


| Dry Dry Dry 
Crop grown |weight of] Average| Crop grown |weight of} Average} Cropgrown |weight of|Average 
crop crop crop 


gm. gm. gm gm. gm. gm. 
354.0 
343.0 
Soybeans 370.0 Oats 


370.0 


345.0 ; A 
329.0 E 
Soybeans 407.0 Oats ; Wheat 


37.5 91.0 | 53.7 


Wheat 


' 


310.0 


\ 

251.0 (| ( 
Cowpeas ipa Cowpeas ¢ Cowpeas 

(| 220.0 


147.0 


218.0 : 
Cowpeas 257.0 Soybeans ' Cowpeas | 


227.0 


amounted to 518 gm. per average bucket. In the case of soybeans and cow- 
peas, there was an increase in nitrogen the first year, due evidently to symbiotic 
fixation. This increase was greater under soybeans than under cowpeas. 
The second year there was still enough nitrogen recovered in the crops almost 
to make the total of that in the soils and that recovered in the crops equal to 
that in the dry check. The gain in nitrogen noted the third year in all samples 
is evidently due to fixation in the soil through biological action. The pro- 
cesses apparently at work more or less simultaneously were denitrification, 
non-symbiotic and symbiotic nitrogen fixation. Through denitrification there 
was a total loss of a comparatively large amount of nitrogen from the soil in 
all samples the first year, with the exception of those under legumes. In some 
cases during the second year this process still predominated. In other cases 
including the fallow, free fixation of nitrogen apparently commenced to pre- 
dominate. The third year this latter process caused the recovery of nearly 
all the nitrogen that was lost the first year in most cases. Under soybeans 
and cowpeas the additional process of symbiotic nitrogen fixation was also at 
work. At the end of the third year there was more nitrogen in the soils under 
these crops than at the beginning of the experiment, while the total amount 
of nitrogen for the three years contained in the crops was a clear gain. 

In the Kansas soil under the non-legumes with but one exception there was 
a successive loss of nitrogen each year. In general this loss was progressive, 
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that is, at the end of each season there was less nitrogen in the soil and in the 
crop than was present in the soil at the end of the preceding year. At the end 
of the third year the greatest loss was apparent under the corn, wheat, oats, 
and corn, oats, wheat rotations. Under soybeans and cowpeas there was an 
increase in nitrogen the first year over that originally present. The second 
year there was a gain over that present in the soil at the end of the first year. 
The third year not as much nitrogen was recovered in the soil and crop as 
was present at the end of the second year. 
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Fic. 6. ToTaL NITROGEN REMAINING IN THE VIRGINIA Sort Each YEAR AND THAT 
RECOVERED IN THE CROPS 


In the Virginia soil in all cases there was a progressive loss of nitrogen each 
year except with the legumes. Under the legumes the first year there was a 
definite gain. The second year there was more nitrogen recovered in the 
soil and crops than was in the soil at the end of the first year. The third year 
there was a loss with soybeans and a slight gain with cowpeas due probably 
to an increase in nitrogen found in the soil itself. 

In tables 16, 17 and 18 are shown the amounts of nitrate nitrogen found in 
the soils after the removal of the crops and that in the fallows. In figures 
7, 8 and 9 are shown both the nitrate nitrogen found in the soils after harvest 
and the nitrogen recovered in the crops, assuming that the nitrogen in the 
crops was removed from the soil as nitrate. Here, under all crops, in all 
soils except where legumes were grown, we find that there was a definite loss 


SOIL SCIENCE, VOL. X, NO. 4 


TABLE 16 


Nitrate nitrogen in soil after removal of crops 
(California soil) 


1916 1917 1918 


Nitrate Nitrate Nitrate 
nitrogen nitrogen nitrogen 
Crop grown = |-emainin g Crop grown remaining Average| Crop grown remaining 
in soil in soil in soil 


gm. > gm. . gm. 
0.39 0.25 0.17 
0.17 0.25 
0.22 0.12 
0.19 0.17 


0.28 : 0.25 
0.28 0.17 
0.31 0.15 
0.34 0.17 


0.12 : 0.25 
0.37 0.25 
0.25 
0.25 


0.25 
0.38 
0.38 
0.34 


| 

| 

| 

en 

Hl [8 
| , 0.17 
| 

| 
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0.17 
0.17 
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TABLE 16—Continued 


1916 1917 1918 


Nitrate Nitrate Nitrate 
nitrogen nitrogen nitrogen 
Crop grown >. | Average Crop grown remaining Crop grown {rer i Average 


in soil 


Soybeans 
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TABLE 17 
Nitrate nitrogen in soil after removal of crops 
(Kansas soil) 


1916 1917 1918 


Crop grown 


Nitrate 
nitrogen 
remaining 
in soil 


Average 


Crop grown 


Nitrate 
nitrogen 
remaining 
in soil 


Average 


Crop grown 


Nitrate 

nitrogen 
remaining 
in soil 


Average 


Corn 


Oats 


Cotton 


Soybeans 


Soybeans 


| 


\ 


my 
| 
| 
| 
| 


gm. 
0.34 
0.51 
0.61 


Cotton 


Soybeans 


| 
| 
| 
| 
| 
| 
| 
| 


gm. 


0.27 


Cotton 


Soybeans 


| 
| 
| 
| 
| 
| 
| 
| 


gm. 


0.18 
0.15 
0.28 
0.15 


0.47 
0.74 
0.35 
0.74 


0.92 
0.54 
0.47 
0.35 


1.14 
0.84 
0.84 
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TABLE 17—Continued 


1916 1917 1918 


Nitrate Nitrate Nitrate 
nitrogen nitrogen nitrogen 
remaining Average | Crop grown ->. | Average} Crop grown 

in soi 


Crop grown Average 


gm. 
0.49 
0.35 
0.61 
0.47 


‘at 
| 
: 
ma | 


Soybeans 


Soybeans 


of nitrate nitrogen or, better, soluble nitrogen. These results bear out those 
reported by Lipman (2), Mooers (3), Russell (5), etc. Since no leaching was 
possible under the conditions of these experiments, this loss must be credited 
to volatilization of either free nitrogen or ammonia. 

Returning to the subject of green manures, the results show an actual loss 
of nitrogen in all cases where non-legumes are grown and turned under as 
green manures. It is, of course, obvious that these results cannot be applied 
directly to field conditions. The inference seems warranted that the loss in 
nitrogen is due, to a considerable degree, to the thorough aeration given the 
different experimental soils; and, therefore, the losses of nitrogen that might 
be expected under field conditions presumably would be much less than indi- 
cated in the preceding experiments. Similarly, in field conditions where 
legumes are grown and turned under, while the general factors of relative 
gain and loss might be expected to obtain, the actual losses of nitrogen will 
probably be less. 


CONCLUSIONS 


Under the conditions of frequent handling with consequent thorough aera- 
tion of the experimental soils, the following results have been noted: 

1. Cultivation or excessive aeration of a soil causes a loss of total nitrogen. 

2. Under certain crops there is an absolute loss of nitrogen in excess of that 
recovered in the crops. 
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TABLE 18 


Nitrate nitrogen in soil after removal of crops 


(Virginia soil) 
1916 1917 1918 
Nitrate Nitrate Nitrate 
Crop grown Rae ll Average | Crop grown Jocee Average} Crop grown aie Average 
in soil | in soil in soil 
gm. gm. gm. gm. gm. Me 
1.69 |} 1.36 0.18 | 0.14 0.25 | 0.17 
1.42 OxId 0.18 
Com 1.13 —_ 0.25 om 0.07 
1:21 0.10 0.18 
1.50 | 1.33 1.96 | 1.20 2.31:| 1.84 
1 es 0.55 1.20 
om 1.21 aan 1.00 sas 1.80 
1S ik 1.31 2.06 
2:21: 1 1:28 0.54] 0.68 1.64 | 1.78 
1,31 0.63 1.74 
Corn 1.36 Oats 0.50 Wheat 2.09 
123 1.08 1.67 
4.55 | 4.47 3.85 | 4.81 5.20 | 4.71 
5.10 6.90 5.30 
Wheat 4.59 Wheat 4.86 Wheat 4.35 
3.63 3.65 4.00 
2:72'| 0:74 1.38 | 1.54 1.68 | 1.71 
2.47 1.36 0.98 
Oats 3.10 Oats 1.80 Oats 231 
2.66 1.63 1.86 
0.77 | 0.66 0.17 | 0.20 
0.51 0.20 
Cotton 0.70 Cotton 0.22 Cotton 
0.65 0.21 
0.97 | 0.86 0.29 | 0.26 
0.87 0.24 
Soybeans 0.90 Soybeans 0.27 Soybeans 
0.70 0.25 
1.29} 1.00 1.80} 1.44 
1.01 0.99 
Soybeans 0.95 Wheat 2.02 Oats 
0.75 0.94 
0.97 | 0.97 0.41 | 0.39 
1.05 0.32 
Soybeans 1.13 1.50 Wheat 
0.33 
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TABLE 18—Continued 


1917 


Crop grown 


Average 


Crop grown 


Nitrate 
nitrogen 
remaining 
in soil 


Average 


Crop grown 


Average 


Cowpeas 


Cowpeas 


Fallow 
Check 


0.68 


0.69 


Soybeans 


| 
3 


gm. 


(| 0:88 


1.03 
0.95 
0.98 


0.15 
0.10 
0.16 
0.28 


10.00 
7.50 
8.40 


gm. 


0.96 


0.17 


Cowpeas 


Cowpeas 


gm. 


1.84 
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3. This varies with different crops and different soils. 

4, This loss occurs under certain legumes as well as non-legumes. 

5. When there is nitrogen fixation with the growth of certain legumes— 
that is, when there is recovered more than was taken from the soil—this nitro- 
gen is found in the crop above the ground and if this is removed, the soil will 
have been depleted just as if a non-leguminous crop had been grown and 
removed. 

6. It is recognized that these results are not directly applicable to field 
conditions. It is not improbable, however, that the changes found to occur 
under the experimental conditions indicate relatively similar, although per- 
haps much less marked, changes in the nitrogen content of the field soils when 
different crops are grown. 
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INTRODUCTION 


In the spring of 1917, desiring to obtain a reliable source of inoculation for 
garden beans, three jars of sand, heavily inoculated with soil from a garden 
where navy and kidney beans were known to have been naturally inoculated, 
were planted to navy beans, kidney beans and lima beans, respectively. The 
roots of the navy and kidney beans thus planted were found to be abundantly 
supplied with nodules, but on the lima beans none were found. The nodules 
from the navy and kidney beans were crushed in water and returned to their 
respective jars, the latter then being seeded to lima beans. No nodules were 
produced although the plants reached a mature age. The third jar, which 
had contained uninoculated lima beans, was seeded to a mixture of kidney and 
navy beans, which on examination were found to have numerous nodules in 
every case. 

The results indicated that the bacteria in kidney and navy bean nodules 
are different from those in lima beans. However, these tests were not made 
under controlled conditions, and it was desirable to repeat the experiment 
under sterile conditions, with pure cultures of the several nodule bacteria in 
question. 


EXPERIMENTAL 


Local garden soils did not yield a source of inoculation for lima beans, and 
a “pure culture” from a commercial company failed. Finally, soil which had 
grown inoculated lima beans was secured from California, nodules were pro- 
duced by growing plants in sterile sand to which this soil was added and pure 
cultures obtained by plating out the nodules produced. One culture (1899) 
came from these original plates, made October, 1917, the other three (1896, 
1897 and 1898) were obtained from nodules on a lima bean plant grown in the 
greenhouse, but the original source of inoculation is the same. These were 
isolated in February, 1919. 

The pure cultures of navy bean bacteria used in the first experiment (1156 
and 1157, table 1) were isolated in February, 1919, from a nodule on a navy 


1 Now Professor of Soils at University of Saskatchewan, Canada. 
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bean plant grown in the greenhouse. Because of the unexpected results of 
this experiment new isolations were made (1900, 1901, 1912 and 1913) in Oc- 
tober, 1919, from a naturally inoculated navy bean plant dug from a local 
garden. The later isolations were used in the subsequent experiments as 
indicated, though behaving exactly as did the first two cultures. 

Five cultures of cowpea bacteria were used, no. 1867 and 1868 were isolated 
in May, 1917, and no. 1153, 1869, and 1870 in January, 1919. These were 
tested out fully prior to these experiments. The plants from which they were 
obtained were grown in soil in the greenhouse. 

In table 1 are reported the results of the first test with lima beans grown in 
beakers of sterile sand of 600 cc. capacity. In all the experiments sterilized 
seeds were employed. The methods used are the same as described by Burrill 
and Hansen (1). This experiment was started August 14 and ended Septem- 
ber 7, 1919. Nodules were produced on lima beans by the lima-bean cultures 


TABLE 1 


Cross-inoculation of lima beans with navy-bean and cowpea bacteria 


NUMBER PLANTS 
SEEDS PLANTED | SOURCE OF INOCULATION OF SEEDS | OBTAINED NODULE RECORD 


Lima bean | Cowpea (1869) No nodules 
Lima bean | Cowpea (1153) No nodules 
Lima bean | Navy bean (1156) No nodules 
Lima bean | Navy bean (1157) No nodules 
Lima bean | Lima bean (1896) Nodules very large and 
abundant 
Lima bean | Lima bean (1898) Nodules very large and 
abundant 
Lima bean | Check, uninoculated No nodules 
Lima bean | Check, uninoculated No nodules 


only. Navy bean bacteria did not produce nodules on the lima bean, con- 
firming our preliminary experiments. Cowpea bacteria were included be- 
cause in a preliminary test lima-bean bacteria produced nodules on cowpeas. 
But the reciprocal cross failed, as indicated in the tabulated results. This 
should be carefully noted, as the explanation for it will become apparent in 
our further discussion. 

Another experiment was conducted on a larger scale, four isolations each 
from cowpeas, lima beans and navy beans, being used. The seeds were planted 
on December 20, and the plants examined January 12, 1920. In this case 
the new isolations from a naturally infected navy bean plant were used. The 
results are shown in table 2, and confirmed the first test. 

A similar experiment was tried with cowpea plants, the same cultures being 
used as before described. The seeds were planted November 22 and the plants 
examined December 23, 1919. The lima-bean bacteria produced nodules 
abundantly on cowpea roots, confirming the preliminary test. The cowpea 
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bacteria produced nodules on the host also, proving the viability of these 
bacteria. The navy bean cultures failed, however, proving that they were 
different from either cowpea or lima-bean bacteria. Again attention is di- 
rected to the failure of the cowpea cultures to produce nodules on the lima 
bean. 

To demonstrate further the facts brought out, another experiment was 
started January 15, the results of which appear in table 4. The previous work 
was confirmed, in that the lima-bean bacteria produced nodules abundantly 
on cowpea roots, but again cowpea bacteria were unable to inoculate the lima 
beans as tested up to this time. 

TABLE 2 


Cross-inoculation of lima beans with navy-bean and cowpea bacteria 


NUMBER PLANTS 


OF SEEDS | OBTAINED TOBE ACEECORD 


SEEDS PLANTED | SOURCE OF INOCULATION 


Lima bean | Navy bean (1900) No nodules 

Lima bean | Navy bean (1901) No nodules 

Lima bean | Navy bean (1912) No nodules 

Lima bean | Navy bean (1913) No nodules 

Lima bean | Lima bean (1896) Nodules very large and 

numerous 

Lima bean | Lima bean (1897) Nodules very large and 

numerous 

Lima bean | Lima bean (1898) Nodules very large and 

numerous 

Lima bean | Lima bean (1899) Nodules very large and 
numerous 

No nodules 

No nodules 

No nodules 

No nodules 

No nodules 

No nodules 

No nodules 

No nodules 


Lima bean | Cowpea (1867) 
Lima bean | Cowpea (1868) 
Lima bean | Cowpea (1869) 
Lima bean | Cowpea (1870) 
Lima bean | Check, uninoculated 
Lima bean | Check, uninoculated 
Lima bean | Check, uninoculated 
Lima bean | Check, uninoculated 


PPP PP PP 
or rh bh hh LP 


Difficulty was experienced in trying to grow navy beans. Several attempts 
were made, but the germination of the seeds was poor, and those which germ- 
inated grew slowly. This was thought to be due to keeping the pots too wet. 
One-pint mason jars were used, and it was impossible to maintain proper 
moisture conditions. In order, therefore, to test out the navy bean cultures 
used, five 1-gallon battery jars of sterile sand were seeded to beans, five seeds 
being planted in each pot, one each of Early Red Valentine, Golden Wax, and 
Black Wax and two of common navy beans. 

Three of the four cultures used successfully inoculated all the varieties in 
every case where the seeds germinated. The failure of culture 1900 to produce 
nodules on any of the five plants cannot be explained. This jar was badly 


TABLE 3 
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Cross-inoculation of cowpeas with navy-bean and lima-bean bacteria 


POT 
NUMBER 


| 
SEEDS PLANTED SOURCE OF INOCULATION 


| 
| 


NUMBER 
OF SEEDS 


PLANTS 
OBTAINED 


NODULE RECORD 


| 
Cowpea 
Cowpea 
Cowpea 
Cowpea 
Cowpea 


Cowpea 
| Cowpea 
| Cowpea 
Cowpea 
| Cowpea 
Cowpea 
Cowpea 


Cowpea 
Cowpea 


Cowpea 
Cowpea 


Navy bean (1900) 
Navy bean (1901) 
Navy bean (1912) 
Navy bean (1913) 
Lima bean (1896) 
Lima bean (1897) 
Lima bean (1898) 
Lima bean (1899) 
Cowpea (1868) 
Cowpea (1868) 
Cowpea (1869) 
Cowpea (1870) 


Check, uninoculated 
Check, uninoculated 


Check, uninoculated 
Check, uninoculated 


PP PP Pp 


BPN PDS Ww 


No nodules 

No nodules 

No nodules 

No nodules 

Nodules very large and 
numerous 

Nodules very large and 
numerous 

Nodules very large and. 
numerous 

Nodules very large and 
numerous 

Nodules very large and 
numerous 

Nodules very large and 
numerous 

Nodules very large and 
numerous 

Nodules very large and 
numerous 

No nodules 

Several scattered nod- 
ules 

No nodules 

No nodules 


Cowpea bacteria and lima-bean bacteria crossed on cowpeas and lima beans 


TABLE 4 


NUMBER 


! 
SEEDS PLANTED SOURCE OF INOCULATION 


NUMBER 
OF SEEDS 


PLANTS 
OBTAINED 


NODULE RECORD 


Oona NH 


Cowpea 
Cowpea 


Cowpea 


Cowpea 

Lima bean 
| Lima bean 
| Lima bean 


| Lima bean 


Lima bean (1896) 
Lima bean (1897) 
Lima bean (1898) 
Lima bean (1899) 
Cowpea (1867) 
Cowpea (1868) 


Cowpea (1869) 
| Cowpea (1870) 


4 


i 


> bh Pb 


‘4 


3 


WH WwW Ww 


Nodules large and nu- 
merous 

Nodules large and nu- 
merous 

Nodules large and nu- 
merous 

Nodules large and nu- 
merous 

No nodules 

No nodules 

No nodules 

No nodules 
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cracked in sterilization and it was put aside, but after the others had been 
prepared, it was again added to the series. It is possible that in the change 
of plans the bacteria were not added. 

The results of this test are confirmatory of previous work in that varieties 
of common beans (not including lima beans) are inoculated by the same strain 
of nodule bacteria. 

In table 6 is given the complete performance record of the navy-bean cultures 
used. The data reported in tables 1, 2, 3 and 5 are included together with 
the data from two other experiments not reported in detail. As before stated, 


TABLE 5 
Navy-bean cultures tested on bean varieties 


POT SOURCE 
NUMBER VARIETY OF BEAN “0 “nan NODULE RECORD 


Early Red Valentine Navy bean (1900) | No nodules 
Golden Wax No nodules 
Navy bean No nodules 
Navy bean No nodules 
Black Wax No nodules 


Early Red Valentine Navy bean (1901) | Failed to germinate 

Golden Wax Nodules large and numerous 
Navy bean Nodules large and numerous 
Navy bean Nodules large and numerous 
Black Wax Nodules large and numerous 


Early Red Valentine Navy bean (1912) | Nodules large and numerous 
Golden Wax Nodules large and numerous 
Navy bean Nodules large and numerous 
Navy bean Nodules large and numerous 
Black Wax Failed to germinate 


Early Red Valentine Navy bean (1913) | Nodules small but numerous 
Golden Wax Failed to germinate 
Navy bean Nodules small but numerous 
Navy bean Nodules small but numerous 
Black Wax Failed to germinate 


poor germination was the rule with navy beans and in several instances the 
plants which were obtained were poor and cannot be considered a fair test. 
As a whole, however, the results are trustworthy. With three of the cultures 
on the host plant, the results are positive. In no case herein reported did the 
navy-bean bacteria produce nodules on lima beans or cowpeas. 

The data presented demonstrate that the bacteria causing the nodules on 
the roots of navy beans are different from those on lima beans. The varieties 
of common beans tested (Early Red Valentine, Golden Wax, Black Wax 
and common navy bean), however, are inoculated by navy-bean bacteria. 
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Apparently the limas stand apart. This is the first case known to the authors. 
where different species within a given’plant genus require different bacteria. 
The data up to this point indicated that cowpea bacteria could not inoculate 
lima beans but that lima-bean bacteria easily produced nodules on the cowpea. 
This peculiar failure of the cowpea bacteria to cross on the lima bean could 
not be satisfactorily explained on any basis known and called for a repetition 
of the experiments. The purity of the cultures used was proved beyond doubt 


by all the methods known. 
TABLE 6 


Performance record of navy-bean cultures 


on som SEEDS PLANTED ey pacal Focal DATE EXAMINED NODULE RECORD 

1900 | Navy bean 1 December 11, 1919 | Nodules small but nu- 
merous 

1900 | Cowpea + 3 December 23, 1919 | No nodules 

1900 | Lima bean 4 4 January 12,1920 | No nodules 

1900 | Navy bean a 2 January 12,1920 | No nodules, plant very 

r 

1900 | Navy bean 5 5 February 14, 1920 | No nodules 

1901 Navy bean oe 2 December 11, 1919 | Nodules large and nu- 
merous 

1901 | Cowpea 4 2 December 23, 1919 | No nodules 

1901 Lima bean 4 4 January 12, 1920 No nodules 

1901 Navy bean a 4 January 12, 1920 Nodules numerous 

1901 Navy bean 5 4 February 14, 1920 | Nodules large and nu- 


merous 
1912 | Navy bean 4 0 Failed to germinate 

1912 | Cowpea 4 ae December 23, 1919 | No nodules 

1912 | Lima bean 4 a January 12,1920 | No nodules 

1912 Navy bean a 1 January 12,1920 | No nodules, very poor 


plant 

1912 | Navy bean 5 4 February 14, 1920 | Nodules large and nu- 
merous 

1913. | Navy bean 4 0 Failed to germinate 

1913 | Cowpea 4 2 December 23, 1919 | No nodules 

1913 Lima bean 4 3 January 12,1920 | No nodules 

1913 | Navy bean 4 0 Failed to germinate 

1913. | Navy bean 5 3 February 14, 1920 | Nodules smal! but nu- 


| merous 


Because of our observations as to the relative appearance and growth of 
nodules on cowpeas and soybeans it was thought that the lima bean, like the 
soybean, might be slower than the cowpea in demonstrating nodule develop- 
ment. The rapid development of the nodules appears to be related to the 
nitrogen content of the seed and the rate of growth of the plant. 

An experiment was outlined to test the cross-inoculation of cowpea cultures 
and other cultures of the cowpea group such as those of the partridge pea 
(Cassia Chamaecrista), peanut (Arachis hypogoea) and Japan clover (Lespe- 
deza striata) on the lima bean. 
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The data obtained are included in table 7. The plants made a good growth 
in this experiment. All the cultures produced nodules on the lima bean except 
Cassia and cowpea 1911. The results of this experiment demonstrated that 
the bacteria of certain plants in the cowpea group could produce nodules on 
lima beans. The failure in this experiment of the Cassia and cowpea culture 
1911 to produce nodules on lima beans was in agreement with the performance 
of certain cowpea cultures in the earlier experiments. It was thought that 
there might be a difference in the rate of infection between different cultures 


TABLE 7 


Bacteria of cowpea group crossed on lima bean 


a ws | 4 
= °o foal 
8 SEEDS PLANTED} SOURCE OF INOCULATION DATE PLANTED DATE HARVESTED a a g Fs NODULE RECORD 
Z Sallie 
34 | Cowpea Cowpea (1456) March 24, 1920 | April 21, 1920} 5 | 1 | Large nodules 
35 | Cowpea Cowpea (1459) March 24, 1920 | April 21, 1920} 5 | 2 | Numerous 
nodules 
36 | Lima bean | Partridge pea (1460) | March 24, 1920} April 21, 1920} 5 | 3 | No nodules 
37 | Lima bean | Partridge pea (1461) | March 24, 1920 | April 21, 1920} 5 | 3 | No nodules 
38 | Lima bean | Peanut (1462) March 24, 1920 | April 21, 1920) 5 | 3 | Large numer- 
ous nodules 
39 | Lima bean | Peanut (1462) March 24, 1920 | April 21, 1920} 5 | 3 | Large numer- 
ous nodules 
40 | Lima bean | Peanut (1464) | March 24, 1920 | April 21, 1920) 5 | 2 | Large numer- 
ous nodules 
41 | Lima bean | Peanut (1465) March 24, 1920 | April 21, 1920) 5 | 2 | Large numer- 
ous nodules 
42 | Limna bean | Japan clover (1449) | March 24, 1920} April 21, 1920} 5 | 4 | Large numer- 
ous nodules 
43 | Lima bean | Japan clover (1450) | March 24, 1920) April 21, 1920) 5 | 3 | Large numer- 
ous nodules 
44 | Lima bean | Cowpea (1911) March 24, 1920 | April 21, 1920} 5 | 3 | No nodules 
45 | Lima bean | Cowpea (1457) March 24, 1920 | April 21, 1920} 5 | 3 | Large nodules 
46 | Lima bean } Check, uninoculated | March 24, 1920 | April 21, 1920) 5 | 4 | No nodules 
47 | Lima bean | Check, uninoculated | March 24, 1920 | April 21, 1920) 5 | 3 | No nodules 
48 | Cowpea Check, uninoculated | March 24, 1920 | April 21, 1920) 5 | 4 | No nodules 
49 | Cowpea Check, uninoculated | March 24, 1920 | April 21, 1920) 5 | 3 | No nodules 


or that some condition of these particular jars might be the cause of no nodule 
production. 

In order still further to verify the results obtained, an experiment was con- 
ducted that included cowpea, partridge-pea, Japan-clover, peanut and beg- 
gar-weed (Desmodium tortuosium) cultures of various transfers. Radiobacter 
isolated from cowpea nodules were introduced to test its purity. Some of 
these were used in the preceding experiments while others were introduced 
here for the first time. 
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TABLE 8 


Bacteria of cowpea group crossed on lima beans 


oo) 
wy 


103 


108 


105 


111 


“90-00 
a ie [ eS | gar NUMBER, 


& | 8 
; PLANTED, ore or gs ae DATE PLANTED | DATE HARVESTED PE gs NODULE RECORD 
= a A ° 
Cowpéd '~'} Check, unindéulated| May 1, 1920) May 25, 1920) 5 | 4 | No nodules 
Gowpea «}):Check, uhinoculated| May 1, 1920) May 25, 1920) 5 | 5 | No nodules 
.| Lima, bean|, Check, uninoculated] May 1, 1920) May 25, 1920) 5 | 5 | No nodules 
Lima bean Check, uninoculated} May 1, 1920) May 25, 1920) 5 | 5 | No nodules 
‘Lima bean| Cowpea (1557) May 1, 1920) May 25, 1920) 5 | 5 | Numerous 
«ates, Sean nodules 
Lima bean!’ Cowpéa (1557) May 1, 1920) May 25, 1920} 5 | 5 | Numerous 
nodules 
Lima bean| Cowpea (1556) May 1, 1920} May 25, 1920) 5 | 4 | Large numer- 
ous nodules 
Lima bean| Cowpea (1558) May 1, 1920} May 25, 1920} 5 | 4| Large numer- 
ous nodules 
Lima bean| Cowpea (1559) May 1, 1920} May 25, 1920} 5 | 5 | Large numer- 
aK Be ous nodules 
Lima bean}: Cowpea (1911) May 1, 1920) May 25, 1920) 5 | 4 | Large numer- 
ous nodules 
Lima bean} Partridge pea (1551)| May 1, 1920) May 25, 1920} 5 | 4} Small numer- 
— ous nodules 
Lima bean| Partridge pea (1551)| May 1, 1920) May 25, 1920) 5 | 5 | Small numer- 
sige ous nodules. 
Lima bean| Partridge pea (1460)| May 1, 1920) May 25, 1920] 5 | 5 | Numerous 
nodules 
Lima bean} Partridge pea (1461)| May 1, 1920} May 25, 1920) 5 | 4 | Numerous 
nodules 
Lima bean} Japan clover (1552) | May 1, 1920) May 25, 1920) 5 | 4 | Large nodules 
Lima bean| Japan clover (1552) | May 1, 1920} May 17, 1920} 5 | 4 | Small nodules 
just started 
Lima bean| Japan clover (1552) | May 1, 1920} May 25, 1920) 5 | 5 | Large numer- 
ous nodules 
Lima bean! Japan clover (1553) | May 1, 1920) May 25, 1920) 5 | 5 | Large numer- 
ous nodules 
Lima bean} Peanut (1562) May 1, 1920} May 25, 1920) 5 | 4 | Large numer- 
ous nodules 
Lima bean} Peanut (1562) May 1, 1920} May 25, 1920) 5 | 5 | Large numer- 
ous nodules 
Lima bean} Peanut (1564) May 1, 1920} May 25, 1920) 5 | 3 | Large numer- 
ous nodules 
Lima bean| Peanut (1565) May 1, 1920} May 25, 1920) 5 | 5 | Large numer- 
ous nodules 
Lima bean| Beggar-weed (1555) | May 1, 1920) May 25, 1920) 5 | 4 | Large numer- 
ous nodules 
Lima bean| Beggar-weed (1555) | May 1, 1920) May 25, 1920) 5 | 4 | Large numer- 
ous nodules 
Lima bean| Beggar-weed (1452) | May 1, 1920) May 25, 1920) 5 | 5 | Large numer- 
ous nodules 
Lima bean} Beggar-weed (1452) | May 1, 1920) May 25, 1920} 5 | 5 | Large numer- 
ous nodules 
Lima bean} Radiobacter (7) May 1, 1920} May 25, 1920) 5 | 4 | No nodules 
Lima bean} Radiobacter (7) May 1, 1920) May 25, 1920} 5 | 4 | No nodules 
Lima bean| Radiobacter (1974) | May 1, 1920) May 25, 1920) 5 | 5 | No nodules 
Lima bean| Radiobacter (1974) | May 1, 1920) May 25, 1920) a Be 


No nodules 
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The complete data are found in table 8. In this experiment, which was 
conducted under ideal growing conditions, all the cultures produced nodules 
on the lima bean, except radiobacter. The nodules produced by Cassia were 
smaller than those of the other cultures. This experiment confirms the previ- 
ous one and proves that the bacteria of the members of the cowpea group 
tested cross on the lima beans. 

It was observed that nodule production on the lima bean was slower than 
that observed on many other plants studied. This observation offered a pos- 
sible explanation of the negative results obtained with certain of the cowpea 
and Cassia cultures. It will be noted that cultures or transfers which earlier 
failed to produce nodules, all caused excellent nodule production in these 
later experiments. 

An opportunity to test the relative size of nodules produced under identical 
conditions of growth on cowpeas and lima beans was presented in connection 
with other experiments. Lima beans and cowpeas were planted in the same 
jars of sterile sand. In some treatments bacteria from cowpea cultures and 
in other treatments bacteria from lima-bean cultures were applied as the in- 
oculation for both kinds of plants. Nodules were larger on the cowpeas than 
on the lima beans of the same age. The general tendency for larger nodules 
on the cowpea than on the lima bean, at the earlier stages of growth, is in agree- 
ment with similar observations made between the nodule sizes of the cowpea 
and the soybean. The explanation offered for the difference in nodule size 
is based upon the relative nitrogen contents of the cowpea and lima bean seeds. 
The nitrogen content of lima-bean seeds is approximately twice that of the 
cowpea seeds. This fact coupled with the slower rate of growth of the lima 
bean would delay the need for atmospheric nitrogen and consequently not 
hasten the nodule development. 


DISCUSSION 


These experiments further emphasize the profitable field of investigation 
that is still open in the study of legume bacteria from the standpoint of cross- 
inoculation. No fundamental relationship has yet been approached on which 
any satisfactory explanation for the grouping of legume bacteria for inoculation 
purposes can be based. 

To repeat an earlier statement this work reports the first definite case known 
to the authors where all the species within a given plant genus are not inocu- 
lated by the same nodule bacteria. No reason can be given at this time for 
the apparent exception, although it is recognized that the metabolism of the 
lima bean is unlike that of the other beans studied. That other cases of this 
kind exist seems probable and no doubt further study will discover such. 

It had previously been shown (1, p. 135, 136) that cowpeas are inoculated 
by nodule bacteria from 17 plant species, representing 9 plant genera, several 
of which (Cassia, Acacia and Vigna) stand widely apart botanically. It has 
been shown now that the nodule bacteria of another species (Phaseolus lunatus, 
lima bean) of another genus cross-inoculates with the cowpea. 
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CONCLUSIONS 


1. The nodule bacteria of the lima bean (Phaseolus lunatus) are distinct 
from those of the navy and kidney beans (Phaseolus vulgaris) for inoculation 
purposes. 

2. The nodule bacteria of lima beans are identical with those of the cowpea 
group for inoculation purposes. 
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THE INFLUENCE OF SOIL REACTION ON THE GROWTH 
OF ALFALFA! 
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The application of hydrogen-ion concentration measurements in problems of 
soil fertility and plant growth is of only recent origin. The importance of 
such studies has been pointed out by Gillespie (2) who was the first to make 
use of the hydrogen electrode on a somewhat extensive scale to measure the 
hydrogen-ion concentrations of soils in suspension. Later Gillespie and Hurst 
(4) and Gillespie (3) measured the hydrogen-ion concentrations of soil extracts 
or suspensions in water by a simple colorimetric method, stating that the two 
methods agreed sufficiently well to show that either one yields approximately 
correct results. Sharp and Hoagland (12) also discuss the importance of 
hydrogen-ion concentration measurements in connection with soil fertility 
problems. Plummer (11), Wherry (13), Knight (8), Joffe (7), and others 
have made hydrogen-ion concentration measurements of soil suspensions or 
water extracts of soils either by the use of the hydrogen electrode or by the 
simpler colorimetric method in connection with soil fertility investigations or 
in studying other soil phenomena. 

Studies relating to the specific effects of the hydrogen-ion concentration on 
the growth of agricultural plants are indeed limited. Hoagland (6) studied 
the effect of hydrogen-ion concentration in nutrient solutions on the growth of 
barley seedlings, and points out that comparatively few experiments have 
been recorded which bear directly on the growth of the plants of agricultural 
importance as affected by the acidity or alkalinity of the media in which they 
were grown. 

An attempt has here been made to adjust the soil reaction, as indicated by 
hydrogen-ion determinations, of a single soil type by the use of sulfuric acid 
and calcium carbonate and to study experimentally in a very limited way the 
influence of specific soil reactions upon the growth of alfalfa plants. Alfalfa 
was chosen for this work because of its economic importance and because of 
its supposed sensitiveness to soil acidity. 

The work was carried out at the laboratory of plant physiology of the New 
Jersey Agricultural Experiment Station. It is a pleasure here to express 
thanks to Dr. J. W. Shive for his supervision and interest in the work, also to 
Dr. S. Waksman for valuable suggestions. 


1 Paper No. 6 of the Technical Series, New Jersey Agricultural Experiment Stations, 
Department of Plant Physiology. 
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EXPERIMENTAL PROCEDURE 


The soil used in these tests was of the Penn loam type obtained from one of 
the experimental plots of the New Jersey Agricultural Experiment Station, 
on which alfalfa was grown. The water extract of this soil gave a hydrogen-ion 
exponent (pH value) of 6.4. The first step in the preparation of the soil cul- 
tures was to establish a range of soil reactions both above and below that of 
the initial hydrogen-ion exponent value of the soil used. To accomplish this, 
preliminary tests were made with soil in drinking glasses. Fifty grams of the 
air-dry soil were placed in each glass. To change the reaction of the soil so 
as to obtain a series of cultures having a range in hydrogen-ion exponent values 
below the original value of the soil used (pH 6.4), sulfuric acid (C. P., specific 
gravity 1.84) in varying amounts was thoroughly mixed with the soil in the 
glasses after diluting with a sufficient amount of distilled water to give to the 
soil a moisture content approximately optimum for plant growth. In this 
way a series of ten cultures was obtained varying in hydrogen-ion exponent 
values of the soil extracts from 6.4 to 3.0. In another series of ten cultures, 
precipitated calcium carbonate (99 per cent pure) in varying amounts was 
added to the soil with thorough mixing in order to obtain a range in the hy- 
drogen-ion exponent values of the soil extracts above the original value. By 
this method the reaction of the soil in the glasses was changed to give hydro- 
gen-ion exponent values varying from 6.4 to 7.1. 

The soil in the glasses was kept at approximately the optimum moisture 
content for plant growth, and daily determinations were made of the hydrogen- 
ion concentration of water extracts of the soil in the various glasses. After a 
period of from 7 to 14 days, the reaction of the treated soil, as indicated by 
the hydrogen-ion exponents, became constant and no further changes were 
observed. The water extracts were prepared according to the method rec- 
ommended and used by Gillespie and Hurst (4). The hydrogen-ion concen- 
trations of the soil extracts were determined by the colorimetric method fol- 
lowing the work of Clark and Lubs (1) in the preparation of the standard buffer 
mixtures and in the use of indicators. 

Glazed earthenware pots each having a capacity of 1 gallon were used as 
containers. Seven pounds of air-dry soil taken from the same lot as that 
which was used in the preliminary tests with drinking glasses was placed in 
each container. 

The amounts of sulfuric acid or of calcium carbonate to be added to the soil 
in the containers in order to obtain a series of soil cultures giving the desired 
range in the hydrogen-ion exponent values, were calculated from the data of 
the preliminary experiments. The amounts of sulfuric acid added to the soil 
in the various pots ranged from 15.5 cc. to 0.44.cc. This was always diluted 
with the distilled water which was applied to the soil to give the desired initia] 
moisture content which was the same in all the pots. The calcium carbonate 
was thoroughly mixed with the air-dry soil and the distilled water was added 
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afterward. The amounts of:calcumcasbonate added to ithe soil in:the various 
pots ranged from 1.0 to 8.05 gm: per pot: »Aiseries:of 18’ treated cultures and.2 
checks, untreated, was thus prepared; givihg a rangé:in hydrogen-ioni exponent 
values varying at somewhat irregular :intervals from:'3.0; to'7.L. ; The; pots 
were allowed to stand in thegreenhouse: unplantedsuntili the hydrogen-ion 
exponent values of the! soil: extracts -remained -approximately ‘constant, ‘ds 
indicated by the tests made from time. tq time. 

The soil in each of the pots was planted with 50 seeds and after germination 
some of the young plants, were removed,. leaving 10 plants, in each pot,... The 
cultures were weighed every other day and at each weighing the water lost. by 
evaporation from the surface of the soil and. by. transpiration, was restored by 
the addition’ of ‘distilled water... The cultures were conducted from October 
28, 1919 to’May 5,.1920. Hydrogen-ion.concertration measurements 6f ‘the 
soil from each culture were made at regular intervals throughout the growth 
period; in all 12 determinatiéns for each culture in the series were made. At 
the end of the growth period the plants ‘were hatvested, and the dry weights of 
tops, per cent of nitrogen in the tops, and the relative number of nodules on 
the roots of the plants from the variqus cultures were determined. 
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EXPERIMENTAL RESULTS 


“The numerical data showing the rélation between the soil feaction as indi- 
cated by the hydrogen-ion exponent ‘values of the water extracts of the soil 
samples taken at regular intervals during the growth period, and the various 
quantitative plant measurements are presented in:table 1. In the table are 
given four columns of pH values, three’ of which represent the results of ‘tests 
made at the’ beginning. near the middle, and at the end of the growth period, 
while the fourth column gives, the averages of, all the determinations (12 in 
number) for each culture. These columns of pH values serve to.show the gen- 
eral trend of the charige in the reaction of the soil i in ae various cultures during 
the’ growth of the plants. 

“A comparison of the average pH valtes with the corresponding percentages 
of germination brings out the fact that the germination of the alfalfa seed was 
greatly reduced in the cultures showing average pH values ofthe soil extracts 
below 4.5. In culture 1, the soil extract-of which gave a pH value of 3.3, no 
getmination occurred. Ag the hydrogen-ion concentration of the soil’ decreased 
from a pH value of 3.5 to one of 4.5, a gradual increase in the percentage of 
‘germination, is.shown,..-However,. germination. was’ remarkably constant in 
cultures showing; a/range in the average hydrogen-ion exponent values from 
4.5 to 7.0. 

|The data of table. 1-show very. clearly that alfalfa may grow fairly. well in a 
very acid soil, as is. indicated by the growth of the plants in culture 4... The 
soil. in.this culture gave an average hydrogen-ion exponent value of 3.8. . While 
only three plants survived this high hydrogen-ion concentration, the fact 
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remains that these three plants, after becoming established, made very good 
growth, and this is also true of the four surviving plants in culture 5, and the 
five surviving plants in culture 6. It is to be emphasized, however, that in these 
cultures and also in those with soils giving somewhat higher hydrogen-ion ex- 
ponent values, the plants experienced difficulty in establishing themselves. 
During the first two months the plants were retarded in growth, making slow 


TABLE 1 
Numerical data showing the relation of soil reaction to germination, nodule formation, dry- 
weight yields of tops, and nitrogen content of alfalfa tops grown from October 29 to May 5 
in sotl cultures 


pH VALUES OF WATER EXTRACTS OF SOIL oon cae 
CULTURE GERMINA- |RELATIVE TO) ey Tio lnitpocnns 
NUMBER October | January Moy ‘, of all 2) TION aos. oF party “ a IN 
28, original 28 na tests AS UNITY 

ber cent per cent 

1 3.0 5. 3.0 Be 0 

2 Se 3.6 3.6 o.0 5 

3 3.4 3.8 3.8 3.6 28 
4* 3.6 3.8 4.2 3.8 60 1 | 1.85 
a 4.0 3.9 4.6 4.0 85 4 4.9 2.44 
6* 4.1 4.2 4.8 4.3 90 2 6.2 2.94 
7 4.4 4.4 5.0 4.5 94 1 6.7 2.89 
8 4.8 5.0 6.0 5.0 94 3 6.2 3.08 
9 5.6 5.8 6.0 Ef 94 3 6.4 3.03 
Check 6.4 6.2 6.4 6.3 92 4 6.8 3.21 
11 6.4 6.6 6.2 6.3 94 5 6.7 3.58 
12 6.4 6.6 6.4 6.4 95 5 6.6 3.53 
13 6.6 6.6 6.6 6.5 94 5 8.4 o.20 
14 7.0 6.6 6.6 6.7 94 6 8.0 3.41 
15 7.0 6.8 6.6 6.7 94 6 1.2 3.42 
16 7.0 6.8 6.7 6.8 94 7 V8 3.41 
17 7.0 6.9 6.8 6.8 94 7 14 3.52 
18 7.0 6.9 6.9 6.9 94 9 7.8 3.56 
19 ce! 7.0 7.0 7.0 94 7 8.7 3.60 
Check 6.4 6.4 6.4 6.3 94 5 6.8 3.14 


* Three plants only survived in culture 4, four plants in culture 5, and five plantsin 
culture 6. After becoming established the plants in these cultures made good growth. 


progress. During the latter half of the growth period, however, these plants 
appeared to grow more rapidly than did those in the cultures the soil extracts 
of which had lower hydrogen-ion concentrations. 

To bring out more clearly the relation of the hydrogen-ion concentrations 
of the soil extracts to the dry weights of alfalfa tops and to their nitrogen 
content, the values representing these measurements taken from the proper 
columns of table 1, were plotted to form the graphs of figure 1, the broad, 
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narrow, and dotted lines representing, respectively, the dry weights of tops, 
average pH values, and per cent of nitrogen in the alfalfa tops. The single 
set of ordinates may here refer to dry weights, pH values, or percentages of 
nitrogen when applied to the graphs representing these measurements. 

The graph representing dry weights, although it is somewhat irregular, 
shows a general agreement with the graph of pH values, in sloping gradually 
upward to the right. This indicates a gradual increase in the yields of alfalfa 
tops with corresponding decrease in the hydrogen-ion concentration of the 

- soil extracts from the various cultures. It will be observed, however, that 
cultures 13 and 14, for which average hydrogen-ion exponents of 6.5 and 6.7 
are indicated, produced almost as high yields as did culture 19, showing an 
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Fic. 1. GRAPHS SHOWING THE RELATION OF YIELDS AND PER CENT NITROGEN CONTENT 
oF ALFALFA Tops TO THE REACTION OF THE SOIL IN 
WHICH THE PLANTS WERE GROWN 


Ordinates represent grams, pH values, or percentages when referred to yields, soil reac- 
tion, or nitrogen content, respectively. 


average hydrogen-ion exponent of 7.0. It is important here to note that the 
plants in the cultures with higher hydrogen-ion concentrations of the soil 
water, particularly in the cultures in which the soil reaction was adjusted by 
the use of sulfuric acid, showed better root development than did the plants in 
the cultures in which the soil water had a very low hydrogen-ion concentration 
or a neutral reaction. This is perhaps to be ascribed to the effect of the sul- 
fates formed by the introduction of sulfuric acid into the soil. Hart and 
Tottingham (5) have shown that sulfates have an especially beneficial influence 
on root development, particularly on the roots of red clover, to which alfalfa 
bears a close relationship and may respond to the influence of sulfates in a 
similar manner. 


306 JACOB S. JOFFE 


A very interesting feature of the effect of soil reaction on the growth of 
alfalfa is its influence upon the nitrogen content of the plants. As the graphs 
of figure 1 clearly show, the nitrogen content of the plants increases corre- 
spondingly as the average hydrogen-ion exponents of the soil extracts from 
the different cultures increase. In a general way the same relation exists be- 
tween the relative number of nodules formed on the roots of the plants in the 
various cultures and the hydrogen-ion exponents of the soil extracts, as may be 
observed from an examination of the data in table1. Lipman and Blair (10) 
have pointed out that the nitrogen content of leguminous plants grown on 
unlimed plots is lower than is that of plants of the same species grown on limed 
plots. They correlate this phenomenon directly with the greater abundance 
of nodules on the roots of the plants grown on the limed plots, which indicates 
a greater capacity of the nodule-forming organisms for the fixation of atmos- 
pheric nitrogen, thus furnishing the plants with a greater supply of available 
nitrogen. This, however, does not explain the increased nitrogen content of 
non-leguminous plants grown on limed plots as compared with those grown on 
unlimed plots, a fact which was reported by these same authors in an earlier 
publication (9). 

In this connection it might be suggested that the soil conditions which influ- 
ence the activity of the nodule-forming organisms may in a like manner influ- 
ence the nitrogen assimilation of non-leguminous as well as of leguminous 
plants. Whatever may be the true explanation, it appears that the reaction 
(hydrogen-ion concentration) of the medium in which the plants are grown 
has a direct influence upon the nitrogen content of the plants. 

It is to be emphasized that no attempt was here made to determine the 
specific soil reaction as indicated by the hydrogen-ion exponents of the soil 
extracts to which the alfalfa plant responds best. To do this would necessitate 
extending the range of soil reactions to include hydrogen-ion exponent values 
considerably beyond the neutral point on the alkaline side. With the soil 
type here used this could not be accomplished without too greatly altering the 
proportions of the mineral constituents of the soil solution. It is, of course, 
quite probable that each soil type possesses a specific optimum or an optimum 
range of hydrogen-ion concentration values for the growth of alfalfa which is 
different from that of other soil types. 


SUMMARY 


Alfalfa was grown in pots containing soil the reaction of which was adjusted 
by the use of sulfuric acid and calcium carbonate. A series of 20 cultures was 
prepared showing a range in the hydrogen-ion concentrations of the soil ex- 
tracts varying at somewhat irregular intervals from a pH value of 3.0 to one 
of 7.1. Water extracts of the soil from each culture were prepared at regular 
intervals during the growth of the plants and the hydrogen-ion concentrations 
determined by the colorimetric method. 
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1. The germination of alfalfa seeds was practically the same with pH values 
of the soil varying from 4.5 to 7.0, but was greatly reduced in cultures which 
yielded soil extracts having pH values below 4.5. 

2. Yields of alfalfa tops showed a gradual increase with an increase in the 
pH values of the soil extracts from 3.8 to 7.0. The alfalfa plants experienced 
difficulty in becoming established in cultures yielding soil extracts with high 
hydrogen-ion concentrations, but after becoming established they showed 
normal green color, high vigor, and made excellent growth in soil having a pH 
value as low as 3.8. 

3. With increasing hydrogen-ion concentration of the soil extracts, nodule 
formation on the roots of the plants was correspondingly less abundant. 

4, Plants in the cultures which yielded soil extracts with very low hydrogen- 
ion concentrations showed poorer root development than did the plants in the 
cultures with higher hydrogen-ion concentrations of the soil extracts. 

5. The nitrogen content of the plants showed a gradual increase with a cor- 
responding decrease in the hydrogen-ion concentration of the soil extracts. 
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THE EFFECT OF FERTILIZERS ON BLUEBERRIES! 
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In a recent paper (1) the writer has shown the effect of certain fertilizers 
upon the yield of cranberries, in the course of experimental work conducted 
at Browns Mills, N. J., in 1919. A large blueberry plantation situated on 
the same property as the cranberry substation gave the writer an exceptional 
opportunity to observe the effect of certain commercial fertilizers applied to 
the blueberry. The blueberry (Vaccinium corymbosum) is a close relative of 
the cranberry (Vacinium oxycoccus). The commercial cultivation of the 
former is practically new, although the latter has been grown under artificial 
conditions for a half-century. The soil on which both plants are grown has 
a slightly acid reaction, and is usually more or less sandy and well irrigated. 

Many papers have been published on the commercial culture of the blue- 
berry by F. V. Coville, of the Bureau of Plant Industry, United States 
Department of Agriculture (2, 3, 4, 5,). 

The blueberry plantation at Browns Mills is 4 to 5 years old. Early in 
the spring of 1919 the plants started slowly with a starved yellow appear- 
ance, and the large set of fruit buds showed no probability of maturing fruit 
unaided. An application of plant-food suggested itself as a means of increas- 
ing the active leaf surface. of the plant, thereby increasing the fruiting possi- 
bilities. The writer was asked to recommend a mixture which, in his opinion, 
would be the most economical. Because of lack of space for experiments, it 
was necessary to reduce the problem to a choice among three substances. 
Experience with the cranberry plant led the writer to believe that the ques- 
tion was whether a quick acting mineral fertilizer or a more slowly available 
mixture was best suited to the needs of the blueberry plant, and also how 
much the plant was in need of nitrogen. Basing the work on this judgment 
the writer planned an experiment of five plots, arranged and treated as in 
table 1. 

The fertilizer applied on these plots was purposely put on in large amounts 
in order to get results which could be interpreted within the shortest possible 
time. At the end of 2 weeks a very great difference was noted in the plant 
growth. The proportion of leaf surface to fruit had increased in all the 
plots receiving plant-food. In plot 2 the leaves and new stems showed 


1Paper No. 7 of the Technical Series, New Jersey Agricultural Experiment Stations, 
Cranberry Substation. 
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the dark green color peculiar to plots having an overdose of nitrogen. Plots 
3 and 5 both showed more foliage than. plot 4 and the general appearance of 
plot 5 seemed to be best. From these early indications the writer recom- 
mended an application of 600 pounds of a mixture similar to that on no. 5. 
Throughout the year plots 3 and 5 had an exceptionally good appearance, 
growing larger and having larger berries than plot 4. 


TABLE 1 
Fertilizer treatments per acre on blueberries 


PLOT NUMBER TREATMENT 
1 Nothing 
2 250 Ibs. nitrate of soda 


250 lbs. nitrate of soda 
3 750 lbs. acid phosphate 
250 lbs. Nebraska potash 


tf Nothing 


170 lbs. nitrate of soda (15.20 per cent N) 

230 Ibs. dried blood (13.2 per cent N) 

5 340 lbs. steamed bone (2.50 per cent N; 22.90 per cent P205) 
340 lbs. phosphate rock (26.90 per cent P2Os) 

170 lbs. Nebraska potash (28.5 per cent K20) 


The yield in 1919 was not recorded because of lack of help at the bearing 
season. However, it was noted that individual berries on the plots receiving 
the fertilizer were much larger than on the check plots. 

In the spring of 1920 the blossoms on plots 2 and 3 were so numerous that 
it was evident again that the bushes could not mature all the fruit. This was 
especially evident on plot 3. The bushes in plot 5, while they seemed to 
have a preponderance of blossoms over leaves, were in much better condition 
than those on plot 3. 

The applications made in 1919 were repeated in 1920, except that plot 5 
was divided into two parts and only half of the plot received the treatment. 
This made 6 plots. The crop yields were taken on three rows, each a differ- 
ent strain of blueberry, and the yields of plots 5 and 6 were doubled in order 
to make their yield comparable to the yields of the other plots of twice their 
size. 

The detailed crop record is given in table 2. 

The plots show that the fertilizer treatment did not hurry the ripening of 
the berries in any great degree, as the rows matured quite evenly. 

Table 3 presents the yields calculated on the acre basis. 

The large yield of plot 1 over that of plot 4 is due to the fact that the plants 
in plot 1 are one year older than the plants in plot 4. Plots 5 and 6 have 
practically the same yield, or at least within the limits of experimental error. 
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This seems to indicate that the fertilizer applied last year is sufficient to last 
two years. The outstanding fact in the table, however, is that a well chosen 
fertilizer mixture increased the crop to a point three times as great as the 
yield of the nearest untreated plot. 
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TABLE 2 


Yield of blueberries on experimental plots 


JULY 17 JULY 28 AUGUST 4 AuGuSsT 11 AUGUST 18 | TOTAL 
qts. gis. qis. qts. qts. qts 
Plot 1 
BROAN cicdise so 2.00 2.30 1.00 0.50 None 5.80 
OW Le csc seek 4.20 2.50 1.10 0.20 None 8.00 
DOW Ss oii «2% 5.00 5.00 1.40 0.20 None 11.60 
PASTA coasters ata etd Cruse Siew ie Beier re we ane Wine le totaa neds becarasnd Wiatecavs 25.40 
Plot 2 
LOS a a 2.50 4.16 2.00 1.00 None 9.66 
OW 2) isc sews 2.80 2.65 0.90 0.15 None 6.50 
MNO Bic cc dawve 2.20 1.65 0.65 0.20 None 4.70 
fC” An | | RPA | Pa eee, ee Mean Per eee arte a ear ar eee 20.86 
Plot 3 
ROW Loess cxies ss 3.00 2.00 2.45 245 2.00 9.30 
BOW 2occcasces 5.10 10.60 1.70 0.40 None 17.80 
ROW Si oscaicsa's 6.30 1.90 1.30 0.30 None 9.80 
<5 11 ee | Re | CME re (arg eS! | Ore ar (Cr Re 36.90 
Plot 4 
ROW fioccicecess 2.50 2.00 0.50 0.12 None 5:22 
ROW 26s heees 2.70 2.30 0.90 0.10 None 6.00 
C0) AR ee 2.70 1.80 0.80 0.20 None 5.50 
SL aR Eee | [SUES eee antl Lovee EN RGE hoe (5 Oe ee ear eee 16.62 
Plot 5 
a 5.50 11.00 4.50 3.00 1.50 25.50 
ROW 2eicsscas 4.30 3.50 1.00 0.10 1.50 10.40 
OW Oh ccd eces 8.00 5.00 1.60 0.20 None 14.80 
URI Reto pects st eaves arom orw ae ara elon eR Numan tnt edass 50.70 
Plot 6 
ce 3.30 12.50 7.50 2.10 2.50 28 .40 
ROW 2isiscnc sca 3.50 4.00 1.00 0.10 None 8.60 
BROW Sis csssiend 9.00 4.00 1.50 0.25 None 14.75 
Sic A Or a | ee gem ee eee eae (EA AaT Rr tent Nec nemn eee aS (Sy eae ee Sh:75 


The varieties represented in each row are: Row 1, Dunfee; row 2, Inman I; row 3, 


Inman II. 
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On August 10 the new growth started on all fertilized plots, in some cases 
being 8 inches long by August 18. This, of course, is of great advantage in 
setting buds for next year’s crop. On August 21 none of the check plots had 
started new vine growth. 


TABLE 3 


Acre yields of blueberries on experimental plots 


PLOT NUMBER TREATMENT, 1919 TREATMENT, 1920 YIELD, 1920 
qts. 
1 Nothing Nothing 1016.0 
2 250 lbs. nitrate of soda Same as in 1919 834.4 


(| 250 lbs. nitrate of soda 
3 750 Ibs. acid phosphate Same as in 1919 1476.0 
250 lbs. Nebraska potash 


+ Nothing | Nothing 664.8 


170 Ibs. nitrate of soda 
230 Ibs. dried blood | 
5 340 Ibs. steamed bone Same as in 1919 2028 .0 
340 Ibs. phosphate rock 

170 lbs. Nebraska potash 


6 Same as plot 5 Nothing 2070.0 
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PLATE I 


Fic. 1. Typical bush on plot 4, untreated. 
Fic. 2. Typical bush on plot 6, treated with fertilizer in 1919. 
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COOPERATIVE EXPERIMENTS FOR THE COMPOSTING OF 
PHOSPHATE ROCK AND SULFUR 


W. B. ELLETT anp W. G. HARRIS 
Virginia Agricultural Experiment Station 


Received for publication July 9, 1920 


In Virginia the limiting factor in plant production is more often phosphorus 
than any of the other plant-food elements. This is proven by the widespread 
use of acid phosphate by the farmers of Virginia as well as by experiments 
conducted by the Experiment Station in different localities. Increased 
yields are nearly always obtained when acid phosphate is used as the carrier 
of phosphorus. There are other carriers of phosphorus available for use, and 
the relative merit of these different phosphates for agricultural purposes has 
been under investigation for a long time. When acid phosphate and rock 
phosphate have been compared, the results show that the ground rock phos- 
phate is very slowly available and that it rarely increases the yield, at least 
on Virginia soils (4). 

Rock phosphate, the chief source of all phosphorus fertilizers, occurs in 
vast deposits and it may be used with no other preparation than grinding, 
but the bulk of it is treated with an equal amount of sulfuric acid and con- 
verted into acid phosphate. Although this contains only about half as 
much phosphorus as the original rock, it is considered a much better fertilizer 
because the plant-food is immediately available. 

A series of investigations conducted in this country and in Europe suggested 
to Lipman that sulfur, when composted with phosphate rock and soil, would 
increase the availability of the phosphorus. Lipman, McLean and Lint (5), 
Brown and Gwinn (2), and Ames and Richmond (1), have made investiga- 
tions and have demonstrated that available phosphoric acid is produced by 
such treatment. For a complete bibliography see the article by McLean on 
the oxidation of sulfur by microérganisms (6). 

In 1917 the demand for sulfuric acid for the manufacture of munitions 
became so great that it was feared that the supply for the manufacture of 
acid phosphate would be curtailed or even cut off entirely. This shortage of 
acid increased the cost of acid phosphate and at the same time the demand 
for increased crops became imperative. 

In November, 1917, the National Research Council, Council of National 
Defense, called a meeting of agricultural workers to consider means of increas- 
ing the availability of the phosphorus in rock phosphate, which could be used 
as a substitute for acid phosphate. The results recorded in this paper were 
obtained by conducting experiments outlined at this meeting. 
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The primary object of the experiment was to determine the changes that 
would take place when phosphate rock was composted with soil, sulfur and 
manure. 


Materials used 


Phosphate rock. ‘The floats used was a commercial sample sold by Armour 
and Company of Chicago, which contained 30.99 per cent P,O;; apparently it 
was a blue rock phosphate from Tennessee. 

Sulfur. Commercial ground sulfur was used. 

Manure. The manure used was a mixture of horse manure and cut straw. 
The manure contained 76 per cent water and 0.4 per cent nitrogen. 

Soil. The soil employed was obtained from the Virginia Experiment Sta- 
tion’s plats and belonged to the Hagerstown series. It was a clay loam and 
had never been limed. Its composition is given in table 1. 


TABLE 1 
Analysis of limestone clay loam (air-dried), surface soil 

per cent 
Insoluble matter (in hydrochloric acid, sp. gr. 1.115)...... 0.0... .. cece cece eee 89.56 
ea eG ee cations s aes cow ae ee nahh Lae Kies woG ances ieee eebewece sues 0.16 
ee a) oy ee a a ON a 0.09 
SRE ED UES iain kw aiken bo oh hiee SMa INN ob NG AN SA caM bes RoR OS 0.76 
RTL ERC SCC anu seco kas sete se aa susan s okie Ambip ea epee sos cals bianca 0.71 
ree Ch i tee eine celesics padh cape e eke seus kaswsska bh’ saison 0.87 
URE oe cnc inkaerohaus pes scp eben was tn sene ccs vwwleens 1.47 
SENN MMMIN GC oR Ue ten ote Ne piper cee ais oss jae wanda ines eure Geis s'0 6 "8 0.07 
NES coh tion tiliale bis wauiawine Re abled hws naw awele epaceweeatdeneis 0.03 
I IRIN MINE ica ies oa inn 66's sw a WSN Ws BANCO OR RSS 4.36 
SRE tres aes sce ties eho bckwhs sho shice ck was aeoe hake Shisbaeeare 0.81 
PR ira cip saree ence cone se sickinck pn baniecs ca asig2bieacsaeaccaveucs SOLS 
Total potash (by J. Lawrence Smith method). ................ccceeeeceeesee 0.200 
Total phomphonc acid (by fusion method)... 2... 2. oo. sc cece cceceeeeseecces 0.133 
So-called available potash (by 0.2 N nitric acid method)...................4.. 0.020370 
So-called available phosphoric acid (by 0.2 N nitric acid method).............. 0.004070 


Water. Water used in keeping up the moisture content of the composts 
was tap water and contained 0.0014 per cent SO; in combination with calcium 
as calcium sulfate. 

Composts. The composts were made up-on a concrete floor. The inocu- 
lated soil, furnished by the New Jersey Agricultural Experiment Station, was 
first mixed with about 20 pounds of soil and was then thoroughly incorporated 
with 50 pounds of soil, and finally mixed with the whole portion. The sulfur 
was mixed thoroughly with the phosphate rock and finally the entire amount 
of phosphate rock, sulfur and soil was thoroughly mixed with a shovel. 

A small quantity of each mixture was withdrawn and the water-holding 
capacity of each heap was determined. Then sufficient water was added to 
bring the moisture content of each heap to about 60 per cent saturation. 
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The composts remained on a concrete floor under glass for the first 12 
months, then all the composts were put in large boxes. Each compost was 
stirred thoroughly every 10 days. In order to hold the water content between 
50 and 60 per cent of its water-holding capacity, it was necessary to cover 
the heaps with sacking to prevent the too rapid loss of water by evaporation. 
The temperature was taken at least once a day and generally twice, through- 
out the first year. Apparently the temperature varied directly with the day. 
None of the heaps showed any evidence of heating up. After the first year 
the water content was not kept within such narrow limits, the piles being 
allowed to dry to a considerable extent before the moisture content was 
brought back to 60 per cent of the water-holding capacity. 

Samples were taken from composts 1A and 1B (table 2) about the first 
of each month. Those from 2A and 2B were taken on the fifteenth, as the 
second set of composts were started 15 days later than the first. 


TABLE 2 
Composition of composts 


NO. 1A 


lbs. 


AAS OYA RDO PORTO COD OSU DOSE ey Oar 200* 
ERAT OO OC OER OOR Oe 600 


200 


* Included the inoculated soil. 


EXPERIMENTAL WORK 


In carrying out this work it was necessary to determine water-soluble 
phosphoric acid, ammonium-citrate-soluble phosphoric acid, total phosphoric 
acid, and the sulfur present as sulfate. The following methods were used: 
Water-soluble phosphoric acid. Ten grams of the sample were weighed out, 
put on a small filter and washed with hot water until the filtrate measured 500 
cc. An aliquot was analyzed by gravimetric or volumetric methods. 
Ammonium-citrate-soluble phosphoric acid. The method followed was 
suggested by J. W. Ames, and was practically the same as used by Shedd (6). 
Ten grams of material were treated with 100 cc. neutral ammonium-citrate 
solution and made up to 500 cc., and an aliquot of the filtrate was taken for 
analysis. 
Total phosphoric acid. Aqua regia or sulfuric acid was used as the solvent. 
Sulfuric acid. Two grams were taken and made up to 100 cc. with 1 per 
cent hydrochloric acid; this was shaken once every hour through the day, 
allowed to stand over-night, filtered and an aliquot taken for analysis. 
Where the sulfur was used in the compost, the manure had not disinteg- 
rated at the end of two years. 
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In composts 1A and 2A both the water-soluble and ammonium-citrate- 
soluble phosphoric acid gradually increased (table 3). In 1A the compost of 
soil, ground rock phosphate and sulfur, the water-soluble phosphate increased 
from 0.02 per cent to 0.88 per cent, and the ammonium-citrate-soluble from 
0.32 per cent to 3.10 per cent. Where manure and sulfur were used in the 
compost the water-soluble phosphate increased from 0.02 per cent to 1.06 
per cent, and the ammonium-citrate-soluble from 0.39 to 3.35 per cent. In 


TABLE 3 


Water-soluble and ammonium-ciirate-soluble phosphoric acid (P20;) found in the composts 


| | 
NO. 2A. SOIL, MANURE, 


| NO. 1A. § " IN No. 1B. | e . 2B. " 
[“Gock PHOSPHATE | AND GROUND Rock | GROUND ROCK, ail Sc 
| AND SULFUR | PHOSPHATE SULFUR PHOSPHATE 
DATE OF TAKING | | 
SAMPLE | 
Ammo- | | Ammo- Ammo- Ammo- 
Water- nium- | Water- | nium- | Water- nium- Water- nium- 
| soluble | citrate- | soluble | citrate- | soluble citrate- | soluble citrate- 
soluble | | soluble soluble soluble 
1918 percent | percent | per cent | per cent per cent per cent per cent per cent 
January......| 0.02 | 0.32 | Trace | 0.30 0.02 0.39 Trace | 0.39 
February. .... | 0.03 | 0.35 | Trace| 0.30 | 0.02 | 0.38 | Trace | 0.39 
Bissth......-] 0:03 | 0.36 Trace | 0.31 0.02 0.36 Trace | 0.37 
Agel.........{ 0.10 | 0.37 | Trace | 0.34 0.40 0.96 Trace | 0.38 
May.. | 0.30 | 1.06 | Trace | 0.29 0.56 1.37 Trace | 0.35 
oss vias v's | 0.70 1.45 | Trace} 0.30 0.90 1.88 Trace | 0.36 
ee | 0.78 | 1.63 | Trace | 0.30 0.80 2.18 Trace | 0.32 
August....... | 0.77 | 1.88 | Trace | 0.30 | 0.77 | 2.28 | Trace} 0.31 
September 0.78 | 2.00 | Trace; 0.32 0.82 2.45 Trace | 0.31 
October . 0.79 | 2.30 | Trace | 0.34 | 0.83 2.85 Trace | 0.32 
November 0.80 | 2.42 | Trace| 0.32 | 0.90 | 2.81 | Trace} 0.37 
December 0.77 2.45 | Trace | 0.32 0.92 2.87 Trace | 0.31 
1919 | 
January......, 0.82 | 2.42 | Trace | 0.30 | 0.87 | 2.75 | Trace | 0.33 
March.......| 0.54 | 2.42 | Trace | 0.66 | 2.64 | Trace 
re 0.76 | 2.62 | Trace} 0.57 0.91 3.06 Trace | 0.45 
September 0.77 | 2.79 | Trace | 0.60 | 1.06 | 3.35 | Trace | 0.33 
1920 
January......| 0.88 3.01 | 0.02 | 0.67 | 0.56 3.12 0.02 0.31 


this instance the maximum percentage occurred in September, 1919, and 
dropped at the next analysis in January. 

In 1B and 2B both the water-soluble and ammonium-citrate-soluble phos- 
phoric acid remained practically constant throughout the whole experiment. 
In 1B, the compost without manure, the ammonium-citrate-soluble phos- 
phoric acid increased 0.37 per cent in the last two determinations. 

The increase in the percentage of sulfur as SO; goes hand in hand with the 
increase of available phosphorus, and in fact slightly precedes the gain of the 
latter, as shown in table 4. 
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TABLE 4 
Sulfur present as SOs 


. 2A. SO 
NO. 1A. SOIL, GROUND] NO. 1B. SOIL AND —_ Fo 0 NO. 2B. SOIL, 
DATE OF TAKING SAMPLE | ROCK PHOSPHATE GROUND ROCK ee cocemarn |MANURE AND GROUND 
AND SULFUR PHOSPHATE AND SULFUR ROCK PHOSPHATE 


ber cent per cent per cent per cent 
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TABLE 5 


Comparison of the availability of phosphoric acid 


No.1B | NO.2A | NO.2B 


At the beginning: 
Mintel Ope o.55 oicieieas csawwsdeaeneecaesl, ADS 
WaAter-SOlQDlO TsO so cccscscescascavcesss|  OF02 
Ammonium-citrate-soluble P:Os........... 0.32 | 0.30 
Total P.O; available LG? |) |=62.59 

December, 1919 (end 1 year): | 
Ee ee Per 3s 18.81 
WALEPBOUIDIC PaO gic cic bic ce ede ceesace 
Ammonium-citrate-soluble P2O;...........) 2.4 0.32 
TOL SHOP ONANOINIO acc eesccevescecasal 198 | 2.70 

January 8, 1920 (end second year) 
ce OO a a 16.30 18.44 
Water-soluble PsOg... 0.0.0. cceccccsccess| 0.88 | 0:02 
Ammonium-citrate-soluble P2Os...........) 3.01 | 0.67 
Total PyOy available. ........ccccgecceces| 18.47 3.63 


18.81 


| 
| 
| | 
per cent percent | percent per cent 
| 
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The greatest increase in sulfate was found where soil, sulfur and rock phos- 
phate were composted. The amount was‘greater than in compost 2A, where 
manure was present. At the beginning, the addition of manure apparently 
increased the sulfate formation, but by the end of the year the compost with- 
out the manure contained the higher percentage of sulfates. 

Where soil and ground rock phosphate were composted the percentage of 
sulfates remained more or less constant for a year, and then a slight increase 
occurred. The increase was from 1.01 per cent to 3.57 per cent. Where 
manure was added the percentage of sulfates did not increase very much the 
first year and the total increase was not as great as that in compost 1B. 

In compost 2A where sulfur, manure, soil and rock phosphate were used, 
the available phosphoric acid increased from 2.13 per cent to 20.73 per cent 
(table 5). The next largest increase was shown in compost 1A which con- 
tained phosphate rock, soil and sulfur. The available phosphoric acid 
increased from 1.67 to 18.47 per cent. 

In the composts where no sulfur was added, there was practically no 
increase of available phosphoric acid, and in compost 2B where manure was 
added, there was a loss of available phosphoric acid. 

Supplementary Experiment No.1. A supplementary experiment was under- 
taken which had for its object the study of the changes that would occur in 
the nitrogen content of manure, where sulfur and rock phosphate were used 
as preservatives. The composts were prepared and analyzed substantially 
as those discussed above, and had the following composition: 


| COMPOST A COMPOST B 

| Ibs. Ibs. 
RI ie ese oor eee ee te ete a ee SR ial | 500 500 
BTCA Sas telus ac ohsw weet naleciueheawsn ueseee 5 5 
DLE, 2G vasrohinwecerabss sbkbehuask bi aesh eslesh 13 


During the first year these composts were stirred thoroughly once every 10 
days and watered whenever the moisture content was low. Samples were 
taken about the fifteenth of the month, air-dried, ground and analyzed. 
The ammonia, nitrate and total nitrogen content of the compost were deter- 
mined in the original samples and at intervals running over a period of two 
years. 

The results given in table 6 show that the percentage of total nitrogen in 
compost A remained practically constant. In compost B, where sulfur was 
absent, the nitrogen percentage showed an increase due to the decomposition 
of the organic matter. 

The nitrate content of compost A remained constant, the ammonia content 
increased from 0.015 per cent to as high as 0.424 per cent of nitrogen, grad- 
ually increasing for six months and then gradually dropping until at the 
end of two years, when only 0.098 per cent of nitrogen was present. 
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In compost B the nitrogen as nitrates increased from 0.045 to 0.526 per 


cent, the high mark being reached at the end of one year. 


At the end of 


TABLE 6 
Nitrogen content of dry samples 
TOTAL NITROGEN NITROGEN AS NITRATES | NITROGEN AS AMMONIA 
DATE 
A B A B A B 
1918 per cent per cent per cent per cent per cent per cent 
Sample Nos li...ccses..| 1657 1.756 0.067 0.045 0.015 0.030 
DEBI 6. sick beaeesel| Meee 1.980 0.038 0.068 0.091 0.015 
BINGE icccicccncsaess| 10O4 2.395 0.007 0.076 0.202 0.015 
DMARD Ske te wieecaeahap seeee 2.425 0.045 0.407 0.328 0.030 
TEES, CS el 1.968 2.370 0.045 0.414 0.415 0.030 
PUVA Osea yess Seieacs ows, Aas 2.393 0.000 0.498 0.424 0.045 
AUGUSEISE ccs cscadecect IeSi4 2.366 0.030 0.487 0.404 0.045 
September 16............| 1.803 VARS ie 0.000 0.501 0.327 0.030 
OUCH IS ioc. cacecs | Rees 2.479 0.030 0.487 0.304 0.015 
November tS ..;.ccccc0s.t 16632 2.329 0.052 0.473 0.224 0.030 
Decembersdcccasccver..| 1-758 2.355 0.067 0.526 0.252 0.015 
1919 
PEOUAE IN oc 6c cities eaieis 1.685 2.441 0.045 0.442 0.260 0.015 
ROIS aioe ce wclee ees 1.547 2.341 0.112 0.416 0.142 0.015 
September 2 .............. 1.577 2.287 0.044 0.476 0.118 0.022 
1920 
NOQORTY Oines o50506oe04%-s 1.609 2.190 0.053 0.391 0.098 0.008 
| 


A = Manure, floats and sulfur; B = manure and floats. 


TABLE 7 


Comparison of nitrogen determinations 


A. MANURE, ROCK PHOSPHATE 
AND SULFUR 


B. MANURE AND ROCK 
PHOSPHATE 


February, 1918 | January,1920 | February, 1918 | January, 1920 
beginning end beginning end 
Weight of mixture.............. 5063 Ibs. 200 Ibs. 505 Ibs. 109 Ibs. 
PEP CORUIOL WARE? oo oicinndics ois aves 76.46 66.48 77.03 55.09 
Amount of dry matter..........| 119.27 lbs. 67 .04 lbs. 116.00 lbs. 48 .95 Ibs. 
Per cent of nitrogen............. 0.398 0.5388 0.410 0.9844 
Total amount of nitrogen........| 2.012 Ibs. 1.0776 lbs.| 2.072 Ibs. 1.073 lbs. 


Dry matter loses. «66.4 <6s00.00 <« 
INTRTORER OSES sic 5 osc cea sistas a 

Amount of nitrogen as ammonia. . 
Amount of nitrogen as nitrate .... 


52.23 lbs., or 43.79 per cent 

0.934 Ibs., or 46.66 per cent 
0.047 Ibs. gain 
0.046 Ibs. loss 


0.031 lbs. loss 
0.148 Ibs. gain 


67.05 lbs. or 57.80 per cent 
0.999 Ibs. or 48.21 per cent 


two years the nitrate content had dropped to 0.391 per cent of nitrogen. 


The ammoniacal nitrogen remained practically constant. 


Compost A, where sulfur was present, did not lose as much organic matter 


by the various decomposing agents as compost B. 


The difference in weight 
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TABLE 8 
Sulfofying power of certain Virginia soils 


SULFUR 
as SOu 
MAY 2 


SULFUR 
AS SO« 
May 11 


SULFUR 
As SOs 


AMOUNT 
OF SULFUR 


SULFUR 
OXIDIZED 


Loudon County 


ee A 
Ok. ee ea 
PN NNR So sss bu hee Sb SG sees keus 

SPRL OMNNE MORMIT S55 i vives esiew one seee 


Penn clay 


ROMO etn cet tobachivass sxe 
er eee ere 
MND oie 5k socio owiehe None 
ee 
Loudon sandy loam................. 
Frankstown gravelly loam............ 
Fredericksburg stony loam........... 


Fredericksburg silt loam 


US Oe 


DeKalb gravelly loam...............| 
Hagerstown stony clay loam.......... 
Hagerstown clay loam............... 


Berks shale loam............. 
SS a a eee 


Bedford County 


8 ee 
Murrill fine sandy loam.............. 


Campbell county 


Iridell fine sandy loam............... 
Louisa fine sandy loam.............. 
IN ear canes olen 


York free sandy loam 


SNM Ns oo ins cichnca eee ate 


Appomattox County 


SOU MAINED SOME iio son o's webu dea ccen 
PEERS Sn iosin eines ueesenesune 
8 a 
SOMO oS eos be Sues Ss naw oniws 


Prince Edward County 


Worsham sandy loam................ 
Durham sandy loam................. 
ROE MN NIN i cose v0 5,0 . 6,0 ier. biape's 


Norfolk County 


Leonardstown loam................. 


James City County 


Leonardstown loam................- 
Norfolk fine sandy loam............. 


Albemarle County 


a ee 
CONE OMN os ob own sis boo scs oo.aees vous 


Cecil clay 


i eee 
Iw 3 
SSR: 


ND bd 
do 


bRS NK HD bh bo 


NR NH DHS bd 


me dD bd 


NNNWE NH OE EP WED ON ND LD 
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of the compost as well as the total amount of nitrogen present at the end of 
the experiment proved this. When the bacteria were counted, compost B, 
without sulfur, showed the presence of from three to four times as many 
bacteria as compost A. 

When manure and ground rock phosphate were composted the nitrogen 
lost amounted to 48.21 per cent (table 7). The loss of nitrogen as ammonia 
was 0.031 pound, while there was a gain of 0.138 pound of nitrogen as nitrate. 
Where sulfur was used in the compost a gain of 0.047 pound of ammoniacal 
nitrogen was shown. The loss of nitrate nitrogen in composting was 0.046 
pound. No increase of available phosphoric acid was found in either of the 
composts. 


THE SULFOFYING POWER OF CERTAIN TYPES OF VIRGINIA SOIL 


Table 8 gives the sulfofying power of some of the soil types of Virginia. 
The determinations are made by Mr. T. J. Murray, who followed Brown’s (3) 
method. Sodium sulfate was the salt oxidized. 


DISCUSSION 


In compost 1A, which contained sulfur, soil and rock phosphate, 10.89 
per cent of the total phosphoric acid was available after 7 months, 14.98 per 
cent after 12 months, and 18.47 per cent after 2 years. 

In compost 2A, which contained manure, sulfur, soil and phosphate rock, a 
larger percentage of the total phosphoric acid was made available than in 
compost 1A without manure. At the end of 7 months 14.69 per cent was 
available, at the end of one year 18.48 per cent, and after 2 years 19.31 per 
cent. 

Our results agree with those obtained by Brown and Gwinn (2) which show 
that more available phosphoric acid is produced where manure is included in 
the compost. 

Shedd’s results (7) with soil, rock phosphate and sulfur, in the same pro- 
portions used by us, agree fairly well for the first 7 months of the experiment, 
but where he used sulfur, soil, rock phosphate and manure in different 
proportions, there is a lack of agreement. Our results do not show as great 
sulfur oxidation with the accompanying high percentage of available phos- 
phoric acid. 

In composts 1A and 2A, over 10 per cent of the phosphoric acid was made 
available in 7 months. Where no sulfur was used in composts 1B and 2B, 
the available phosphoric acid remained practically constant throughout the 
experiment. There was a slight increase in the available phosphoric acid at 
the end of 2 years in compost 1B which contained soil and rock phosphate. 

Manure did not increase the available phosphoric acid in compost 2B 
after 2 years, and the analyses showed less available phosphoric acid at the 
end of the experiment than was present at the beginning. 
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SUPPLEMENTARY EXPERIMENT NO. 1 


Where 5 pounds of rock phosphate was added to 500 pounds of manure, 
57.80 percent of the dry matter and 48.21 per cent of nitrogen were lost in 
2 years. 

Where 5 pounds of rock phosphate, and 13 pounds of sulfur were added to 
500 pounds of manure, the decomposition was less. The losses were as 
follows: dry matter 43.79 per cent; nitrogen 46.44 per.cent. 

In compost A, with sulfur, ammoniacal nitrogen was produced whereas we 
do not find an increase of nitrates. 

In compost B, without sulfur, nitric nitrogen was produced. There was a 
decrease in the ammoniacal nitrogen. 


SUMMARY 


1. The addition of sulfur to a compost of soil and rock phosphate increased 
the availability of phosphoric acid, but not to the same extent as when 
manure was added to a compost of soil, rock phosphate and sulfur. ; 


2. In compost 1B and 2B, without sulfur, neither compost showed any 
appreciable increase in the availability of the phosphoric acid. 

3. Sulfur oxidation preceded the increase of available phosphoric acid. : 

4, The addition of phosphate to manure slowed up the fermentation and i 
there was a loss of only 57.80 per cent of dry matter and 48.21 per cent of 
nitrogen in 2 years. At the same time there is an increase of 0.138 pound of 
nitrate nitrogen and a loss of 0.031 pound of ammoniacal nitrogen. 

5. The addition of sulfur and phosphate to manure checked the fermenta- 
tion to a greater extent than the phosphate alone. There was a loss of only 
43.77 per cent of dry matter and 46.44 per cent of nitrogen in 2 years. But 
here the increase in ammoniaca] nitrogen was balanced by the loss in the 
nitrate nitrogen. 

6. Upon the addition of rock phosphate to manure a large quantity of 
nitric nitrogen was formed. When sulfur also was added there was no 
nitrate formation but the ammonia content was greatly increased. 

7, All of the Virginia soils tested had some sulfofying power, but there 
was a very great variation among the different soils. 

8. The majority of the Virginia soils oxidized less sulfur than the soils 
tested by Shedd (7) of Kentucky and Brown and Kellogg (3) of Iowa. 

9. The results of composting soil, sulfur, ground phosphate rock and ie 
manure, under the conditions suggested by the plan as outlined, do not in our 
opinion warrant the farmers of Virginia conducting experiments along similar 
lines, because the formation of available phosphoric acid is too slow to meet 
their needs. Besides, the farmer cannot be expected to keep the water- 
holding capacity of his composts up to the desired amount, and he is not 
likely to spade the composts every 10 or more days so that the proper oxida- j 
tion would occur. Probably some conditions might arise or different propor- 
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tions of soil, rock phosphate, and sulfur be suggested, or a better starter or 
inoculating material might be used, which would give higher sulfur oxidation 
and thereby produce more available phosphoric acid than is possible under 
the conditions as outlined in this experiment. 
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Earlier experiments on the production of soluble phosphates through the 
oxidation of sulfur have indicated certain more or less well defined steps both 
in the oxidation of the sulfur and in the formation of soluble phosphates. It 
would seem that the activities of the sulfur-oxidizing bacteria gain in intensity 
when the reaction of the medium becomes acid beyond a certain point. For 
this reason it has seemed advisable to determine whether by adjusting the 
reaction of the medium the processes of sulfur oxidation might be expedited. 
Accordingly, mixtures were made up of greenhouse soil, ground phosphate 
rock and flowers of sulfur. The proportions used were: 


grams 
BADIM etch orerere seein ia ee iss ae Pou tanec ts a ohei arate vata “crens ha ahes eee a Spas ok wiaVo stot ye chai 100 
Tennessee rock phosphate, containing 31.12 per cent of total phosphoric acid.. 15 
a WeTa OU SNEMIE cbt a ccs oslo ene via ne aiciaaiernis sesame eas se rcioe aioe» TD 


The mixtures were kept in tumblers with a moisture content of about 38 
per cent. As shown in table 1, additions were made to the mixtures of differ- 
ent amounts of 0.1 N sulfuric acid. The largest amount of acid added to any 
of the tumblers was 45 cc. and the smallest 12 cc. No acid was added to the 
mixture used as a check. 

When the experiment was begun on March 16, 1920, the initial hydrogen- 
ion exponent, the pH of Sérensen, ranged from 5.4 in mixture 16 to 4.7 in no. 
15. In order to provide suitable inoculation there was added to each mixture 
5 cc. of infusion prepared by shaking 100 gm. of material from an old sulfur- 
phosphate compost with 500 cc. of distilled water. It may be noted, in this 
connection, that these composts were originally made up in the fall of 1916 
and that by the spring of 1920 the hydrogen-ion exponent as expressed in pH 
values was 1.6. Water extract for the determination of the hydrogen-ion con- 
centration was prepared according to the method of Gillespie (2). The hydro- 
gen-ion concentrations of the extract were determined by the colorimetric 
method, using the sulfonephthalein series of indicators as recommended by 
Clark and Lubs (1). 


1 Paper No. 8 of the Technical Series, New Jersey Agricultural Experiment Stations, 
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Aside from the hydrogen-ion concentration determinations made from time 
to time, tests were made also for sulfates as a check on the amount of sulfuric 
acid produced. The soluble phosphates were determined by the method of 
the Official Agricultural Chemists. During the progress of the experiment the 
tumblers containing the different mixtures were kept covered with petri 
dishes. The weight of each tumbler and contents were marked on the petri 
dishes and the optimum amount of moisture was maintained by restoring the 
water lost by evaporation. Proper allowance was made for the small quantities 
of material withdrawn for the different determinations. 

The progress of sulfur oxidation can be readily traced from the data given 
in table 2. 
TABLE 1 


Treatment of soil samples studied 


MIXTURE NUMBER pH 0.1 N H2SO H:0 
cc. ce. 

1 5.0 12.0 29.0 
2 5.0 14.4 26.6 
3 He | 16.8 24.2 
4 ~ Be 19.2 21.8 
5 5.0 21.4 19.6 
6 5.0 24.0 17.0 
7 5.0 26.4 14.6 
8 5.0 28.8 12.2 
9 5.0 a) ee 9.8 
10 5.0 33.6 7.4 
11 4.8 36.0 5.0 
12 4.9 38.4 2.6 
13 4.8 40.8 0.2 
14 4.9 43.2 0.0 
15 4.7 45.0 0.0 
16 5.4 0.0 41.0 


It is quite evident from the data recorded in the table that the initial reac- 
tion did not appreciably affect the rate of sulfur oxidation, nor the rate of the 
formation of soluble phosphates. Within one week after the beginning of the 
experiment the pH was as low as 3.6 in mixture 13. At the end of the third 
week the pH was below 3.0 in all of the mixtures. It may be of interest to 
point out in this connection that in mixture 13 there was no calcium phosphate 
added and that, for this reason, there was a greater accumulation of acidity in 
the material than in any of the other mixtures where the calcium of the tri- 
calcic phosphate served in part to neutralize the free sulfuric acid. At the 
end of the twelfth week the pH was below 2.0 in tumblers 6, 8 and 12, as well 
as in tumbler 13. Beyond that the increase in acidity was relatively slight. 

It will be observed that the formation of available phosphate showed a 
very marked increase between the end of the second and the end of the third 
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TABLE 2 
Sulfur oxidation as indicated by the availability of phosphate 


OXIDATION OF SULFUR AND FORMATION OF PHOSPHATES 


| END OF END OF END OF END OF END OF END OF END OF 
DB | FIRST WEEK | SECOND WEEK| THIRD WEEK | FOURTH WEEK| FIFTH WEEK | SIXTH WEEK | EIGHTH WEEK 
: Aa rv Ay a rv A = 
2) tA a = | i — | 
3 s a 3s i] s os 
Ei; Biel Biel al ele ela si el sie & 
ber per per per per per per 
cent cent cent cent cent cent cent 
1 | 4.2 | 3.75} 3.0 | 4.25] 2.8 |13.26] 2.8 |14.72) 2.6 | 15.3] 2.4 | 23.2] 2.6 | 31.8 
2) 4.1 | 3.90} 3.0 | 4.25) 2.8 |14.84] 2.8 |15.40) 2.6 | 17.1] 2.4 | 26.2) 2.4 | 32.7 
3 | 4.1 | 4.01] 3.0 | 5.00! 2.8 |15.02] 2.8 |15.50) 2.4 | 19.1] 2.4 | 28.4) 2.4 | 33.7 
4] 4.1 | 4.01} 3.0 | 6.78] 2.8 |11.46] 2.8 |13.30) 2.6 | 18.7] 2.4 | 27.9) 2.6 | 35.2 
5 | 4.0 | 4.21] 3.0 | 6.76] 2.8 |12.52] 2.8 |13.30) 2.4 | 19.4] 2.3 | 30.0) 2.4 | 36.3 
6 | 4.0 | 4.21] 3.0 | 7.80} 2.8 |15.94) 2.8 |15.60) 2.4 2.4 | 26.8) 2.2 | 31.4 
7) 4.1 3.0 | 7.80] 2.8 |14.72] 2.8 |15.40) 2.4 | 19.5) 2.4 | 26.3) 2.4 | 32.0 
8 | 4.1 | 4.60} 3.0 | 7.80) 2.8 |17.64] 2.8 17.30) 2.4 | 19.4) 2.4 | 27.0) 2.2 | 32.6 
©}. 2.0) 5:23) 3:01. 7.55) 2.815.480) 2-8 [15.60) 2-4 | 19:3) 2.4 | 27-2) 2.2.1 33.2 
10 | 4.0 | 4.60} 3.4 | 4.74) 2.8 |17.60) 2.8 |19.14) 2.4 | 21.3] 2.3 | 30.6] 2.2 | 36.7 
11 | 4.1 | 4.01] 3.6 | 4.60) 2.8 |14.64) 2.8 |14.64) 2.6 | 15.3) 2.4 | 24.2) 2.4 | 32.9 
12 | 4.1 | 4.50) 3.0 | 4.90} 2.8 |15.64) 2.8 |16.56} 2.4 | 20.4) 2.4 | 27.3) 2.1 | 34.2 
13 | 3.6 3.4 2.4 2.4 2.4 2.0 20 
14 | 4.0 | 5.23} 3.8 | 5.20) 2.8 |15.02] 3.0 |15.44) 2.8 | 21.1] 2.6 | 29.0) 2.4 | 35.6 
15 | 4.0 | 5.30} 3.2 | 4.47] 2.8 |15.10} 3.0 |15.02) 2.6 | 15.4) 2.6 | 26.8) 2.6 | 31.6 
16 | 4.4 | 3.75] 3.0 | 4.38] 2.8 |14.90} 2.8 |15.44) 2.6 | 19.1] 2.4 | 27.2) 2.6 | 33.4 
END OF END OF END OF END OF END OF 
B | woe weex | este weex | "Yerg™ | "trex" | weee™™ |“°wene™ | “wa 
=} 
m4 Pa eu Oy fu fy Pw fy 
FI 4 "4 a 3 3 3 q 
pia ele Sia ela essay si al ei al & 
per per per per per per per 
cent cent cent cent cent cent cent 
MBs S521 253: SPAY 22 1-99 B22 | 9 O),-2..2 [66.91 2.1. 1) 16.3) 19° | $36 
2 | 2.4 | 36:1) 2.3 | 43.0) 2:2) |. 59.6) 2.2 | 60.1] 2.2 | 68:4] 2.1 | 77.2} 2.0 | 83.9 
3 | 2.4 | 36.2} 2.3 | 44.1] 2.2 | 60.1] 2.3 | 59.4) 2.3 | 64.6] 2.2 | 73.5] 2.0 | 84.9 
4|2.6 | 36.4| 2.2 | 45.2) 2.2 | 60.3) 2.3 | 61.0) 2.3 | 65.0) 2.0 | 74.9) 2.0 | 84.9 
5 | 2.4 | 35.9] 2.2 | 44.1] 2.1 | 63.4) 2.1 | 62.7) 2.0 | 69.0) 2.0 | 75.3] 1.8 | 86.3 
6 | 2.2 | 36.2) 2.0 | 43.7| 1.9 | 65.4) 1.9 | 67.4) 1.9 | 69.7) 1.9 | 78.4] 1.9 | 84.9 
0 | 24:4 35.41.2.3' | 42.8) 2..3:| 62.31 2.3 | OOs4) 253 | 63.6) 2.1. | 76.1} 2.0} 82.9 
S| 2.2 | 36.6) 2.1 |. 45 1.9 | 65.0) 1.8 | 68.2) 1.8 | 71.2) 1.8 | 79.9) 1.8 | 86.8 
Bik 0} 2.1 2.0 1.9 | 69.1) 1.9 | 73.0} 1.9 | 80.1) 1.9 | 84.9 
Fe 2 = he Ae | 2.0 2.0 | 60.2) 2.0 | 68.2) 1.9 | 79.4) 1.9 | 85.2 
2.4 Be | a dae ZZ 2.3 | 58.7| 2.2 | 63.4) 2.0 | 74.2} 2.0 | 84.9 
2.4 .8} 2.0 1.9 1.9 | 64.6] 1.9 | 69.8) 1.8 | 79.9) 1.8 | 85.3 
2.0 1.6 1.4 1.4 
2.4 Ze 2.0 2.0 | 63.7) 2.0 | 67.9) 1.9 | 78.4) 1.9 | 84.4 
z.6 2.2 7 2.0°)-60-2| 2.1 1) 65.8) 2.0} 77.3} 2.0 | 83.9 
2.4 Z.0 2.2 2.3 | 61.0) 2.2 | 66.6) 2.0 | 77.6) 2.0 | 85.1 
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week. For instance, in mixtures 8 and 10 the proportion of available phos- 
phates was well above 17 per cent. At the end of the fifth week the increases in 
the amounts of available phosphoric acid over those found at the end of the 
third week were not large. On the other hand, a very marked increase occurred 
between the end of the fifth and the end of the sixth week. For instance, in 
mixtures 5 and 10 there were found at that time 30 per cent of the phos- 
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phoric acid in an available form. Progressive and marked increases occurred 
at the end of the eighth, ninth and tenth weeks. A very marked increase 
occurred again between the end of the tenth and that of the twelfth week. 
This continued until the end of the twentieth week when the proportion of 
available phosphoric acid was above 82 per cent in all cases and in at least two 
instances well above 86 per cent. 
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In attempting to interpret the data just given one should bear in mind that 
the pH determinations record the intensity of the acid rather than the quantity 
of it. As time went on the quantity of sulfuric acid or of acid sulfates accum- 
ulating in the mixtures gradually increased. There was, therefore, a gradu- 
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ally increasing quantity of acid material available for reacting with the tri- 
calcic phosphate. Figures 1 and 2 show in a graphic way the progressive 
changes in mixtures 1,4, 12 and 16. It is expected that other data now avail- 
able, and confirming the results recorded in this paper, will be made ready for 
publication in the near future. 
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CONCLUSIONS 


This set of experiments shows no advantage in starting with a relatively high 
hydrogen-ion concentration through additions of sulfuric acid. On the other 
hand, there is evidence that such advantage may be had in mixtures of a 
different composition. The data in question will be reported at a later date. 
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